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Summary
Summary
This Thesis contains an account of work in which both quasi-static and dynamic stressing 
techniques were used to subject samples of liquid to tension. For dynamic stressing, an 
improved form of the ‘Bullet-Piston’ (B-P) apparatus described by Couzens and Trevena 
(1969) was employed, whereas a version of the Berthelot tube (Berthelot, 1850) allied to 
high speed video photography was used for quasi-static stressing work. Work reported in 
Chapter 3 shows how, for the first time in the B-P apparatus, the rate of development of 
tension (Q ,) may be varied systematically in order to investigate its influence on the 
liquid’s effective tensile strength, Fc. Results are reported in Chapter 4 for samples of 
degassed, deionised water. The experiments show an approximately four-fold increase of 
Fc at the highest stressing rate, this value being 224 bar (CiF = 1.79 harps'1) compared to 
a value of 60 bar at a lower stress development rate (f2, = 0.432 harps"1). The results 
substantiate the claim that ClF is an important consideration in understanding the 
cavitation properties of liquids. The work reported in Chapter 5 includes the effects of 
temperature (25 °C < T < 110 °C), shear viscosity (0.001 Pas < // < 0.203 Pas) and ClF 
(0.6 barps'1 < f lF < 1.4 barps'1) on Fc for commercial monograde and multigrade oils, the 
ambient environments in the car engine encountered under normal operating conditions. 
The results substantiate the claim that ClF is an important consideration in understanding 
the cavitation properties of liquids and may be an important consideration when 
evaluating a lubricant’s cavitation performance. A significant aspect of this work is that, 
contrary to previously reported studies, results have been produced from a single 
technique, in experiments conducted within the same apparatus in which the rate of 
stressing is deliberately varied in a systematic manner. The results of such a study have 
not previously been reported.
The work described in Chapter 6 involved temperatures which extended into the 
supercooled regime. High speed photography recorded the initial formation and growth 
of a single, isolated, and apparently spherical cavitation bubble within a bulk sample of 
water. The cavitation event was seen to start with a single, approximately spherical cavity, 
growing not at (or from) the tube walls, but in the body of the liquid. The collapse phase 
clearly shows the formation of a liquid jet directed at the surface adjacent to the bubble. 
This feature of bubble dynamics has never previously been reported in Berthelot tube 
work. These results suggest that the Berthelot tube technique may have wider utility in 
cavitation research, having previously been confined to measurements of Fc. The work 
reported here shows that its use may be extended to studying potential cavitation damage 
mechanisms. Quasi-static stressing was extended into the supercooled regime for water to 
produce doubly-metastable (d-m) liquid. High-speed video was used to estimate the ice 
front’s velocity of propagation following nucleation. The velocities recorded are higher 
than those previously reported for supercooled water at comparable temperatures -  by an 
order of magnitude. The work reported in this Thesis is the first in which evidence is 
presented that the formation and growth of a cavitation bubble results in the nucleation of 
ice formation.
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Chapter 1
1.1 Background of Cavitation
It has long been known that, under suitable conditions, liquids are capable of 
sustaining considerable tension or ‘negative pressure’ (Trevena, 1987). While under 
tension, the liquid is in a metastable state and, if tension exceeds its critical point, it 
changes irreversibly to the two phase systems which are liquid and vapour phase plus 
dissolved gas (Temperley and Chamber, 1946). Numerous experimental studies have 
shown that a liquid can stay under tension outside the stability region in its phase for 
periods of seconds, even hours (Trevena, 1987). In practice, any liquid can be 
prepared in a metastable state with respect to its vapour into two ways: the first 
involves superheating it above its boiling temperature; and the second involves 
stretching it (i.e. subjecting it to tension) below its saturated vapour pressure. For 
example, liquid water can be superheated up to 280°C at atmospheric pressure (Apfel, 
1972) and it is also able to ‘stretch’ or withstand negative pressure up to -1400 bar, a 
remarkably large value (Zheng et al, 1991). Above this ‘critical’ value the liquid 
undergoes cavitation, a term which refers to the formation, growth and subsequent 
collapse of bubbles (or ‘cavities’) which may contain the vapour of the liquid or 
permanent gas or a mixture of both, within the liquid. The ability of liquids to 
withstand tension (which involves their effective tensile strength, denoted Fc) is a 
topic of considerable importance in a number of disciplines in pure, applied science, 
and industrial applications. It is these applied areas in which cavitation has most 
bearing on everyday life engineers and marine architects must have an appreciation of 
the effects of cavitation on hydraulic machinery and ships propellers while the 
cavitation properties of the liquid coolant can play a large part in the design and safety 
of fast nuclear reactors.
It is important to understand that there are many different types of cavitation. The 
term ‘cavitation’ usually refers to the formation of bubbles in the liquid when it 
experiences ‘negative pressure’ (or tension), subsequently these cavitation bubbles 
collapse resulting in a tremendous "local" force which can cause cavitation damage, 
sonoluminescence, noise, vibration and loss of performance of hydraulic machines 
(Hickling, 1994). Two basic forms of cavitation in lubricating films are recognised: 
gaseous and vapourous. For gaseous cavitation, gas-filled bubbles expand by 
diffusion from the liquid when the pressure of a liquid falls below its saturated
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pressure. If the pressure in a liquid further falls to its vapour pressure, the liquid may 
boil at ambient temperature, vapour-filled cavities will be formed and these may later 
collapse, causing cavitation erosion, this is called vapourous cavitation (Dowson and 
Taylor, 1979).
Travelling cavitation occurs when cavities or bubbles form in the liquid, and travel 
with the liquid as they expand and subsequently collapse. Fixed cavitation occurs 
when a cavity or pocket attached to the rigid boundary of an immersed body or a flow 
passage forms, and remains fixed in position in an unsteady state. Vortex cavitation 
occurs in the cores of vortices which form in regions of high shear, and often occurs 
on the blade tips of ship's propellers (hence the additional name "tip" cavitation). For 
acoustic cavitation, in a non-flowing system, the ambient pressure can be varied by 
sending sound waves through the liquid. If the amplitude of the pressure variation is 
great enough to bring the pressure locally down to, or below, the vapour pressure in 
the negative parts of the sound cycle traversing the liquid, any minute cavities or 
bubbles (or their growth from preexisting nuclei) will grow.
In ‘stable cavitation’ the bubble’s growth rate during the acoustic rarefaction phase is 
equivalent to its contraction rate during the compression phase. Such bubbles may 
oscillate around a mean radius for many acoustic cycles whereas the phenomenon of 
‘transient cavitation’ exists for only a few cavity cycles, during which time they grow 
several times larger than their initial size. Their eventual collapse may produce 
extreme intra-cavity temperatures and pressures. Transient cavitation provides the 
relatively violent activity usually required in processes such as industrial ultrasonic 
cleaning, the dispersion of solid particles in liquids, cell disruption and the destruction 
of microbes. In optic cavitation and particle cavitation is produced by high intensity 
(laser) light and any other type of elementary particles (e.g. a proton) rupturing in a 
liquid. These types of cavitation are achieved by deposition of energy into a limited 
volume.
1.2 Historical Developments in the Field
In 1846, Donny showed that it was possible for a liquid at rest (distinct from a liquid 
in motion) to sustain tension by using a U-tube apparatus. Berthelot (1850) also
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showed that liquids can withstand tension in a sealed tube of the order of tens of 
atmosphere before it cavitated (Trevena, 1980). A J-tube centrifugal method of 
applying tension to a liquid was used by Osborne Reynolds who proceeded to 
describe the first cavitational phenomena in water flowing through a tube with a local 
constriction. In accordance with Bernoulli’s Law, a region of lower pressure is formed 
in the narrow part of the tube. If the rate of flow is sufficiently great, the pressure falls 
to a vapour pressure which causes the boiling of the water in a narrow cross section of 
the tube (Reynolds, 1895). A year later, the word cavitation was first suggested by 
R.E. Froude, a naval architect, after extensive tests carried out on a navy destroyer 
revealed that the propellers were not developing enough thrust at high speeds due to 
the voids and bubbles they created (cavitation) when the local pressure of the liquids 
dropped below its vapour pressure at the blades. A serious consequence was that the 
propellers were thereby damaged, making them inoperative after a few hours use. 
This phenomenon of ‘cavitation damage’ has been studied intensively ever since, with 
a notable contribution from Lord Rayleigh whose seminal analysis of the pressures 
generated by the collapse of a single bubble has proved a significant foundation for 
later work (Rayleigh, 1917).
1.3 Some Processes Involving Cavitation
In engineering, it was the occurrence of cavitation in hydraulic machinery (Euler, 
1754) that prompted research effort into this subject but cavitation is also recognised 
as an important aspect of some biological processes. Liquids (as sap) in xylem sustain 
a significant tension in order to transport water from the roots of a tree to the 
uppermost leaves (Pockman et al, 1995). Dixon and Joly (1895) first suggested the 
way in which the sap can be drawn up to great height is by the existence of a negative 
pressure in the sap column. The cohesion-tension (C-T) theory explains water 
transport from the roots of tall trees to the leaves (Tyree, 1997). The transpiration of 
water from the surfaces of the leaves draws the sap to the full height of the tree. A 
vacuum pump cannot pull a column of water beyond a height of 33 feet, 
corresponding to a pressure of one atmosphere. Since many trees are much taller than 
33 feet it is argued that there must be a negative pressure in the column that transports 
the sap. The C-T theory assumes that water, when confined in small tubes with
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wettable walls such as xylem elements, can sustain a tension ranging from 3 to 30 
MPa.
In the animal world, negative pressure can be generated by an octopus under its 
liquid-filled suckers. The values of this pressure can be in the 0 to -3 bar range, 
causing a substantial pressure difference between the inner and outer side of its 
victim, thus cavitation, the failure of water in tension, may limit the attachment force 
of suckers (Smith, 1991).
In biomedicine, the cracking of joints is a well known phenomenon, especially in the 
knee and the knuckle. By suddenly pulling on a ‘biological bearing’, the lubricant 
(synovial fluid) within it may be suddenly stretched and subsequently relax by 
cavitation. The consequent emission of an audible ‘crack’ has been related to the 
synovial fluid being no longer able to sustain tension during the joint separation. The 
resulting vapour bubble collapse being deemed responsible for the accompanying 
sound (Unsworth et al, 1971).
In modern medicine the application of ultrasound scanning has grown apace, fuelled 
by improved images definition from more powerful sensors and increasingly 
sophisticated sensory information processing. Recent advances in these areas have led 
to the development of 3-D scanners such as ultrasonography whose introduction can 
be expected to stimulate further application of the technique. In addition, low 
frequencies high-power ultrasound is a recent addition to the list of methods for 
dissolution of intracoronary plagues and thrombi. When sufficient power is applied, 
ultrasound pressure waves in liquids cause the formation of cavities, which then 
implode, sending jets of liquid and shockwave against nearly solid surfaces 
(Rosenschein and Rassin, 1998). On the other hand, focused acoustic shock waves 
can break up large kidney stones into smaller pieces that can pass safely through the 
body and high-intensity focused ultrasound has been used to destroy tissue deep 
inside the body, opening for non-invasive and bloodless surgery (Cleveland and 
Crum, 1997). Despite its evident diagnostic and therapeutic benefits, reservations 
remain concerning ultrasound’s ability to trigger health-damaging mechanisms, 
among which is cavitation of body fluids. Certain low reported values of Fc are
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therefore disquieting due to the fact that some biomedical application of ultrasound 
can involve transient tension in vivo of ca 40 bar (Marston and Unger, 1986).
Elsewhere, as in engineering processes such as printing and coating, the tensile 
strength of a liquid is relevant to printing processes which involve the ‘tack’ of an ink 
-  the maximum tensile stress developed in the splitting of ink films at a printing nip 
exit, where ink is subjected to an extensional flow in the direction normal to the roller 
surfaces (Zang, 1991). In lubrication, cavitation also occurs in dynamic journal 
bearings when the negative pressures in the lubricants drop below its saturated 
pressure or vapour pressure at the divergent section of wedge-shaped oil films in 
bearings, giving rise to gaseous or vapourous cavitation. Cavitation has been 
associated with bearing damage in internal combustion engines, but cavitation does 
not necessarily have a deleterious effect upon the load-carrying capacity of fluid-film 
bearings. If the film does not rupture, then the load capacity is zero since the 
convergent and divergent regions of the film make equal and opposite contributions. 
Gas releases ensures that the pressure in the divergent section close to the saturation 
pressure, with a net force normal to the surfaces. In this case the load-carrying 
capacity results from film rupture (see figure 1.1) (Dowson and Taylor, 1979). It 
follows that the effective tensile strength of an oil is an important consideration in the 
assessment of flow boundary conditions, loading bearing capacity and cavitation 
damage potential.
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Figure 1.1 Pressure distribution in convergent-divergent lubricating film
1.4 Basic Theoretical Aspects of the Liquid State
Figure 1.2 shows a representation of the phase diagram of pressure, P and specific 
volume, V. The transition from liquid state to the vapour state (and vice-versa) takes 
place along a horizontal isotherm (solid line, figure 1.2) not along a theoretical 
isotherm (dashed line, figure 1.2) due to the splitting up of the original homogenous 
substance in two different coexisting phases (Frenkel, 1955). The critical point is that 
point at which the maxima and minima in the theoretical isotherm vanish and the 
discontinuity disappears.
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Figure 1.2 Diagram of pressure against specific volume (Brennen, 1995)
The line joining the maxima in the theoretical isotherms is called the vapour spinodal 
line; the line joining the minima is called the liquid spinodal line. Clearly both 
spinodals end at the critical point. The two regions between the spinodal lines and the 
saturated (or binodal) lines are of particular interest because the conditions 
represented by the theoretical isotherm within these regions can be realized in practice 
under certain special conditions, where the boundary between metastable and unstable 
states, the limit of metastability of the system.
Following Brennen (1995) we note that if, for example, a pure liquid at the state A 
(Figure 1.2) is depressurized at constant temperature, then several things may happen 
when the pressure is reduced below that of point B (the saturated vapour pressure). If 
sufficient numbers of nucleation sites of sufficient size are present, the liquid will 
become vapour as the state moves horizontally from B to C, and at pressure below the 
vapour pressure the state will come to equilibrium in the gaseous region at a point 
such as E. However, if no nucleation sites are present, the depressurization may lead 
to continuation of the state down the theoretical isotherm to a point such as D, called a
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“metastable state” since imperfections may lead to instability and transition to the 
point E. A liquid at a point such as D is said to be in tension, the pressure difference 
between B and D being the magnitude of the tension. Of course one could also reach a 
point like D by proceeding along an isobar from a point such as D’ by increasing the 
temperature. Then an equivalent description of the state at D is to call it superheated 
and to refer to the difference between the temperatures at D and D ’ as the superheat. 
In an analogous way one can visualize cooling or pressurizing a vapour that is initially 
at a state such as F and proceeding to a metastable state such as F ’ where the 
temperature difference between F and F ’ is the degree of subcooling of the vapour 
(Brennen, 1995).
1.4.1 Theoretical Estimates of Liquid Tensile Strength: Homogeneous 
Nucleation
When a liquid is depressed below its saturated vapour pressure, it is expected to 
transform into its vapour. However, if care is taken to use a very pure liquid in a very 
clean condition, cavitation may occur only far beyond the line of thermodynamical 
equilibrium, hence the liquid is subjected to a mechanical tension (Herbert and 
Caupin, 2005). In other words, a homogeneous liquid can withstand a substantial 
tensile stress before it cavitates and this ability of a liquid to withstand tensile stress 
represents the effective tensile strength, Fc, of the liquid at that temperature. Theory 
predicts that vapour bubbles will only form in pure liquids as a result of very large 
tensions, some 1.3-1.4 kbar in the case of water (Fisher, 1948) and even higher 
negative pressure of -1.9 kbar was found from an interpretation of the 
thermodynamic properties of stretched water known as the stability limit conjecture 
(Speedy, 1982).
Zheng et al (1991) has reported studies based on a version of the Berthelot method 
based on a synthetic water inclusion in quartz. A quartz crystal with a microscopic 
crack is autoclaved in the presence of liquid water. Water fills the crack which then 
heals at high temperature, thus providing low density water in a small Berthelot tube 
involving small quantities of pure water (20 pm3). The bubble remaining in the 
inclusion disappears upon heating, then the sample is cooled down, liquid water
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follows a nearly isochoric path, until cavitation occurs. The tensions induced in this 
water are reportedly close to the homogeneous nucleation limit of 1.4 kbar at 43 °C; in 
good agreement with Fisher’s 1948 vapour nucleation theory. Further improved work 
on inclusion deals with the use of Brillouin scattering to measure the sound velocity in 
stretched liquid water reported by Alvarenga et al (1993) produced negative pressures 
as high as 1 0 0 0  bar at 2 0  °C before a vapour bubble nucleated.
Theoretical values of Fc were obtained by Temperley (1947) who assumed that the 
liquid obeys the van der Waals equation of state (essentially a ‘gas-like’ approach to 
liquids, ignoring the non-linearity of the molecule, and complexities of dipole-dipole 
forces and hydrogen bonds). Temperley (1947) argued that almost any law of 
intermolecular force between molecules leads to a van der Waals type expression as a 
first approximation where
(P + ^ r W - b )  = RT (l . i)
V
(For one mole of substance) This equation predicts a discontinuous change of state for
dPany region for which (— )T is positive (such as portion BC of figure 1.3). The phase
dV
change from liquid to vapour or vice-versa normally occurs along the dotted line AD 
and not the curve ABCD according to the ‘rule of equal areas’. But a liquid under 
tension is in a metastable state, and under certain circumstances the pressure may be 
reduced below the value at A and still maintain the liquid state. Temperley showed 
that this was possible, provided the temperature T < Tm where Tm = 21TJ32 where Tc
dPis the critical temperature i.e. where (— )T is still negative as in portion AB of
dV
Figure 1.3. Clearly then the point B represents the ultimate tensile strength of the
dPliquid at that temperature. At this point, (— )T = 0  and, differentiating equation with
dV
dPrespect to V and substituting = 0 gives the value of the ultimate tensile strength
(suitable value of a and b being used and T chosen as room temperature). Thus 
Temperley (1947) derived a value of ca. 500-1000 bar for the theoretical tensile 
strength of water at room temperature.
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Figure 1.3 The van der Waals equation (Trevena, 1987)
1.4.2 Experimental Measurements of Tensile Strength: Heterogeneous 
Nucleation
In practical measurements of the tensile strength of liquids, the purity of the liquid, 
the properties of the solid surfaces of the container, and the presence of small particles 
suspended in the liquids are very important factors. When heterogeneous nucleation 
occurs at such a tiny microscopic size contaminant particles such as motes of dirt or 
dust in the liquids, it is very difficult to distinguish from homogeneous nucleation. 
Nuclei represent ‘holes’ in the liquid that grow into macroscopic bubbles (Frenkel, 
1955). Thus, in practice, liquids contain nuclei or impurities that greatly lower the 
breaking tension thus making estimations of the breaking tension very difficult to 
obtain a consistent, repeatable tensile strength of liquids. Results obtained 
experimentally for the breaking tensions of liquids in Berthelot tube exhibit a large
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scatter in the breaking tensions of any given sample due to the role of surface 
nucleation sites which provides a possible mechanism to explain this larger scatter 
(Overton and Trevena, 1980). Therefore, nuclei in the liquid can considerably lower 
the tensile strength of a liquid help to explain the large differences that exist between 
theoretically predicted values for the breaking tensions and those obtained 
experimentally. Indeed, values predicted by theoretical means are usually at least one 
order of magnitude large than corresponding experimental results. On theoretical 
grounds, the value of tensile strength of water is enormous since this would imply a
minimum tension needed to rupture is equal to the cohesion or intrinsic pressure,
in the van der Waals equation (refer to equation 1.1), which is of the order of 10,000 
bar (Temperley and Chamber, 1946). However, cavitation experiments using water as 
the test liquid usually result in breaking tensions in the range of 10 -  270 bar.
It is important to recall that cavitation is initiated in a liquid at a suitable nucleus when 
the pressure is reduced to a sufficiently low value. It is thought that there are three 
types of such nuclei. In the first type a liquid may contain a large number of minute 
spherical gas (air) bubbles which are stabilised against gaseous diffusion by an 
immiscible skin of organic impurity such as fatty acid and/or protein; this would 
gradually thicken as the bubble decreased in size until eventually it become 
sufficiently rigid to inhibit any further shrinkage of the bubble, then the bubble said to 
be ‘stabilised’. At a later stage, the liquid is subjected to tension, the skin will be tom 
apart, gas will diffuse into the bubble and cavitation is initiated (Fox and Herzfeld, 
1954; Hayward, 1970). The second type is envisaged in the so-called crevice theory, 
in which there may be solid particles (motes) in the water with gas trapped or 
stabilised in crevices in these particles (Harvey, 1944). In the third type, gas can be 
trapped in the tiny crevices in the wall of the vessel containing the liquid (Overton 
and Trevena, 1980).
Briggs’ centrifugal work, which produced an estimate of the tensile strength of water 
of 270 bar, emphasised the need for scrupulous cleanliness. In quasi-static Berthelot 
tube experiments, Overton and Trevena (1980) discuss the attributed failure of the 
liquid to gas trapped crevices in the walls of the tube which led to the wide scatter 
obtained in the tensile strength of water. The role of these ‘surface’ nuclei was evident
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in the work of Jones et al (1981) in which a new modified Berthelot tube was able to 
evacuated first before introduction of the liquid. This procedure removed much of the 
gas from wall crevices with the result that far higher tension could be developed in the 
liquid before fracture. It is generally assumed that cavitation bubbles originate at 
microscopic bubbles nuclei, although the causes for premature nucleation have been 
isolated: indications are that cleanliness of the water and of any solid surface (wall of 
the container) in contact with it are primary importances. Later, by using the same 
design of modified Berthelot, Overton et al (1982) describe experiments in which 
water was degassed before introducing it into an evacuated tube. By this way, they 
achieved an ‘all-time high’ tensile strength for water in steel tube due to the gas nuclei 
in the water would be removed completely. Iyengar and Richardson (1958) used a 
focused beam of ultrasound at 442 kHz to cavitate a sample of water. Their results 
showed that by reducing the air content of water, the breaking tension increased. In 
addition, Greenspan and Tschiegg (1967) obtained breaking tensions up to 2 1 0  bar 
using filtered, triply distilled water, after thorough cleaning of the apparatus. The 
discrepancy between theoretical and experimental values of Fc may be understood by 
considering that, in experiments, what is actually being measured is the strength of the 
‘weakest link’ in the system.
1.4.3 Cavitation Bubble Dynamics
Under the influence of tension, cavities grow from a suitable nucleus to its maximum 
radius but thereafter (usually as the bubble moves to region of higher pressure) it 
begins to collapse. It is the collapse phase which results in instances of cavitation 
damages but the precise details of the mechanism(s) by which this occurs are not yet 
completely understood.
The first attempt to develop a theory to explain cavitation damage was by Rayleigh 
(1917). Rayleigh’s model treats the problem of a spherical, vapour-filled cavity 
collapsing under the influence of a steady pressure in the liquid at infinity. He showed 
that as the collapse nears completion, the inward velocity of the cavity wall and the 
pressure inside the liquid become indefinitely large. Neglecting surface tension and 
viscosity, he showed that the bubble boundary R (t) obeyed the relation
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(1.2)
where p  is the liquid density, Pn is the pressure in the liquid at a large distance from 
the bubble, and P(R) is the pressure in the liquid at the bubble boundary.
From the general Bernoulli equation, the pressure in the liquid us found to be
where the pressure is constant
Equation (1.2) may be extended to include the effects of surface tension, a  and 
viscosity, p. For a spherical bubble, viscosity effects only the boundary condition so 
that it becomes
where /^is the pressure in the bubble. Plesset (1949) extended equation (1.2) by 
allowing Pn to be a function of time. Thus, the generalised Rayleigh equation may be 
written as
This modified equation (1.6) includes the effects of surface tension, a  and shear 
viscosity, p. and the pressure in the gas at the bubble wall p i (and P^ ) may be a
function of time (Plesset and Prosperetti, 1977). From figure 1.4 shows the results of 
an integration of equation (1.6) (using a fourth-order adaptive Runge-Kutta method) 
and this equation is describing the motion of a single cavity and showed how the 
cavity radius varies with time.
u(r,t) = — Rr
(1.3)
P{r,t) = P»+-[p(.R)-p„}Pp-RV-(Pf} ( 1.4) r 2  r r
(1.5)
( 1.6)
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Figure 1.4 Results of a numerical integration of equation (1.5) illustrating the response of a cavity 
nucleus (initially at rest) to a pressure-tension cycle generated in the experiments. The resulting 
change in cavity radius involves several oscillatory cycles, of gradually diminishing amplitude and 
period (Williams and Williams, 2002).
The change in cavity radius, R (t), in response to the pressure-tension cycle involves a 
series of oscillatory cycles of bubble growth followed by rapid collapse and rebound, 
in which time is made dimensionless by the appropriate value of the ‘Rayleigh’ 
collapse time, x where
r  = 0.9151^ ( — —— ) ° 5 (1.7)
Po~Pv
And the cavity radius is represented by —  where Rm is the maximum radius of the
K
cavity (note that the pressure p 0 is atmospheric pressure).
The pressure-tension cycles induced by oscillation of the cavitation bubbles in the 
liquids have been studied and recorded by numerous workers including Chestermann 
(1952), Green and Mesler (1970), Overton and Trevena (1982) and Hentschel and 
Lauterbom (1982); and these have been explained in terms of the growth phase of 
oscillating cavities (assumed a spherical vapour-filled cavities) by Overton and
cavity radius
pressure } \
tension
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Trevena (1981), Williams and William (1996, 1997). High speed photographic studies 
have been employed to study the formation, growth and rebound of transient cavities. 
These cavitation experiments such as in dynamic stressing work, Fujikawa and 
Akamatsu (1978) and Chestermann (1952), quasi-static stressing work, Rogers (2003) 
and laser work, Lauterbom (1972); Lauterbom and Bolle (1975). In chapter six, high­
speed photographic images will be first employed to study the cavitation bubble 
dynamics accompanying the tensile failure (or “cavitation”) in degassed heavy water 
(Deuterium oxide 99.9% atom %D) contained in the improved Berthelot tube.
1.4.4 Cavitation Damage
The phenomenon of cavitation damage has been examined by scientists and engineers 
for a century or more. Components that have proved susceptible to cavitation erosion 
damage include pump impellers, valves, marine propellers, pipes, cylinder liner and 
other hydraulic machines. The study of bubble dynamics is essential to clarify the 
mechanism of the cavitation damage. The collapse phase of the bubbles can be 
extremely violent resulting in very high, localised pressure shock wave radiated and 
also due to asymmetrical pressure distribution across bubble causes high velocity 
liquid jet to form during collapse phase. Thus pressure shock waves and liquid jets 
associated with the collapse of the bubbles are thought to be responsible for the 
damage that occurs during cavitation with the impulsive pressure being generated 
mainly by a shock wave, by a liquid jet or by combination of the shock waves and 
liquid jets (Tomita et al, 1984; Tomita and Shima, 1986). Rayleigh (1917) 
theoretically pointed out the local high pressure in the final stage of bubble collapse is 
extremely high pressures (ca. 1 0 , 0 0 0  bar) and radial velocities may be developed 
during bubble collapse, necessitating that the compressibility of the liquid be taken 
into accounts (Hickling, 1994). It is generally understood that cavitation damage is 
predominantly caused by impulsive pressure produced from collapsing bubbles 
(Knapps, 1955), later work, Hickling and Plesset (1964) using numerical solutions to 
modelling a flow in the vicinity o f a collapsing spherical bubble in water and 
concluded that the shock wave does not form during the collapse phase but rebound 
phase of the cavitation bubble. However, Komfled and Suvorov (1944) first pointed 
out that the liquid jet or water hammer, which produced from asymmetric collapse of 
an initial spherical vapour cavity, is a dominant factor in cavitation damage. Jet
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behaviour has been studied by numerous investigators (Naude and Ellis (1961); 
Benjamin and Ellis (1966); Plesset and Chapman (1971); Lauterbom and Bolle 
(1975); Gibson and Blake (1982)). Naude and Ellis (1961) concluded that the liquid- 
jet impact is a major cause of damage on the basic of observations that a stress fringe 
is caused by jet impingement and that damage pits are much smaller than the 
minimum bubble base diameter. Shima et al (1983) experimentally studied the 
collapse of a spark-generated bubble near a solid wall and clarified that there are three 
regions where the impulsive pressure is generated mainly by a shock wave, by a 
liquid jet, and by cooperation of both a shock wave and a liquid jet. Furthermore, 
Tomita and Shima (1986) experimentally have shown that cavitation damage caused 
by the bubble shock-wave interaction essentially results from the impact pressure 
from a liquid microjet.
1.5 Experimental Techniques for Measurement of Liquid Tensile Strength, Fc
At the outset it is important to note that estimates of the effective tensile strength of a 
liquid vary widely according to the type of techniques employed. The methods used 
to generate tension in measurements of Fc, fall (broadly) into two main categories, 
depending on the rate of stress development. In static (or, more properly, quasi-static) 
stressing experiments, tension develops gradually (over seconds, or more) whereas in 
dynamic stressing involves timescales (typically over microseconds to milliseconds 
range) and develops at enormous rates of 1 harps'1, or more (Williams and Williams, 
2000).
1.5.1 Static Stressing Technique
There are several methods which have been used to stretch a liquid under ‘static’
conditions such as Berthelot tube, the centrifugal method and the tension manometer
(that is, ‘negative barometer’) method.
1.5.1.1 The Berthelot Tube Method
The first studies of liquids under tension were conducted by Marcelin Berthelot 
(1850). His experiments were conducted under static stressing conditions in the
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‘Berthelot tube’ which is a sealed cylindrical tube which, at room temperature To, is 
almost completely filled with a liquid while the remaining volume is occupied by air 
and liquid vapour (condition A, refer to figure 1.5 and 1.6). When the tube and its 
contents are heated the liquids expands at a greater rate then the Berthelot tube, the air 
is forced into solution and liquid fills the tube completely at a certain temperature T f 
(condition B, refer to figure 1.5 and 1.6). If the tube is then cooled it is found that the 
liquid adheres to the whole of the inside wall of the tube and continues to fill it at 
temperatures below Tf. It follows that as the temperature falls below T f a gradual 
increasing uniform tension is built up in the liquid (condition C, refer to figure 1.5 and 
1 .6 ), until it eventually ruptures at a lower temperature, 7* (breaking tension at point 
Cmax, refer to figure 1.5 and 1 .6 ).This instant of rupture is invariable accompanied by 
an audible metallic ‘click’ and also a sudden increase A  Fin the external volume of the 
Berthelot tube due to the release of tension (Condition D, refer to figure 1.5 and 1.6).
There is considerable evidence that what is actually measured in the Berthelot-tube 
experiment is not actually the tensile failure of the liquid within itself, but a loss of 
adhesion between liquid and the wall of the tube (Temperley and Chambers, 1946). 
An important modification of the Berthelot tube experiment was made by Chapman et 
al (1975) who used an unbonded strain gauge pressure transducer, the diaphragm of 
which formed one of the sealed ends of the tube. They were thus able to measure 
pressure variations within the tube directly. Using this technique, Richards and 
Trevena (1976) were able to plot a family of (tension, pressure) curves for water 
(figure 1.6). A more comprehensive theory was derived by Williams and Trevena 
(1977) which made it possible to calculate the values of both the pressure and tension 
at any stage during a Berthelot tube experiment and not merely that of the breaking 
tension and their calculated values accord closely with the experimental values 
obtained by Richards and Trevena (1976). Other variants of the Berthelot tube 
technique have been described by Evans (1979), Meyer (1911) and Henderson and 
Speedy (1980).
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Figure 1.6 General Shape of (pressure, temperature) curve for water in a steel Berthelot tube 
(Chapman et al, 1975)
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1.5.1.2 Quasi-Static Stressing: The Centrifugal Method
Throughout the past 100 years or so, several workers have used centrifugal methods 
to subjected liquids to tension (e.g. Reynolds, Worthington). Briggs (1950) reported a 
‘centrifugal’ method in which the liquid was held in a Z-shaped Pyrex capillary, of 
internal diameter 0.6 mm and open at both ends. This Z-tube was mounted 
horizontally and spun in its plane about a vertical axis through its centre. With this 
arrangement the liquid column at this central point was visible even at high angular 
speeds. In the centrifugal field, one half of the liquid column was pulling against the 
other and the maximum stress, which was at the centre, was given by
F = V4 pC0 2L2
where 2L was the measured distance between the menisci in the bent legs the tube. As 
in Reynolds’s work, the breaking tension could be calculated from the value of C0 c 
which caused the liquid column to break at its centre. Briggs emphasised the 
scrupulous cleanliness is necessary in order to produce reliable estimates for the 
tensile strength of a liquid, and with his apparatus was able to obtain breaking 
tensions as high as 277 bar for distilled water. This figure 1.7 shows that the breaking 
tension Fc has a maximum value of 277 bar around 10 °C and that is decreased to 217 
bar as the temperature rose to 50 °C. This gradual decrease in the breaking tension is 
understandable since Temperley (1947) has shown that the tensile strength of an ideal 
van der Waals liquid fall, as the temperature rises, to reach a value of zero at 27TJ 32, 
where Tc is the absolute value of the critical temperature. So although the van der 
Waals equation does not represent the behaviour of water quantitatively it 
nevertheless gives a fair indication that a decrease in Fc with increasing temperature is 
to be expected. The figure also shows a rapid fall in the value of Fc as the temperature 
fell from 5 to 0 °C. It is widely known that the structure of water begins to change at 
temperatures below about 4 °C, which may help to explain this anomaly (this will be 
discussed in chapter six more detail later).
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Figure 1.7 Breaking tension as a function of temperature for water (Briggs, 1950)
1.5.2 Dynamic Stressing Technique
There are essentially two ways in which a liquid can be subjected to tension under 
dynamic stressing. In the first method a tension pulse is generated ab initio in the 
liquid. The second method involves producing a pressure wave in the liquid which is 
later converted to tension by reflection at a suitable boundary (Trevena, 1987).
1.5.2.1 The Tube-Arrest Method
This technique is a development of one used by Chesterman (1952), Overton and 
Trevena (1981), and Williams et al (1996, 1997, 1998, 1999). It involved a vertically 
mounted cylindrical tube, typically half-filled with liquid (shown in figure 1.8). The 
tube is pulled downwards against tensioned supports and released, rising through a
20
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distance of several centimetres before being arrested suddenly by a buffer. As the free 
surface continues to move upwards following the tube’s arrest, pressure transducers 
mounted in the walls of the tube record the development of a tension pulse, ab initio, 
which travels downwards through the liquid column resulting in cavitation of the 
liquid (Williams et al, 1998). By varying the ‘impact’ velocity V  of the tube the 
tension pulse amplitude F, is varied. When F; is gradually increased, the (F,-, V) graph 
follows a linear rise up to V = Vc, rising more gradually thereafter. For V < Vc no 
cavitation occurs. For V> Vc cavitation is induced and associated pressure record has 
been reported in the form shown in Figure 1.9, in which the ab initio pulse is 
followed, after several milliseconds, by a pressure pulse (Overton et al, 1984). This 
pulse is immediately followed by a secondary tension pulse. Thereafter the record 
consists of pressure-tension cycles of progressively decreasing amplitude and period. 
The pressure-tension cycles produced by Tube-Arrest experiment works are similar to 
the B-P experiment works where as accompanying the cavitation of liquids subjected 
by dynamic stressing can be explained in terms of the growth phase of oscillating 
cavities (Williams and Williams, 1996).
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Figure 1.8 Improved Tube-Arrest tube Apparatus (Williams et al, 1996)
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1.5.2.3 Shock Tube Method
In water shock tube methods, a tension wave is produced in a liquid either directly or 
by converting a compressional pulse by a suitable reflection method. The shock tube 
used by Fujikawa and Akamatsu (1978) consisted of a sealed vertical tube 
approximately 4 m in length with two chambers separated by a diaphragm. The upper 
chamber contained air at low pressure while the lower chamber was partially filled 
with the test liquid (degassed tap water). The remaining space above the liquid in the 
lower chamber contained a helium-air mixture under high pressure. Electrodes built 
into the bottom of the tube produced hydrogen and oxygen bubbles and the diaphragm 
was subsequently rupture producing a tension pulse that travelled down the tube 
before reflecting off the bottom surface. The reflection tension pulse was 
subsequently reflected (as a positive pressure pulse) off the liquid-gas interface. 
Transducers mounted in the tube allowed the dynamic pressure and tension to be 
monitored while a transparent window section facilitated the use of high-speed 
photography and in-line Fraunhofer holography to study the dynamical behaviour of 
vapour bubbles in the tensile field. It should be emphasised that the bubbles studied 
were not true cavitation bubbles, as they were produced by electrolysis rather than the 
tension pulse, however, the most important result reported here is the light shed on 
how cavitation damage on a surface occurs either by the liquid jet or shock wave 
produced by cavitation bubbles (Trevena, 1984).
Another shock tube method, but based on the reflection method for generating 
tension, has been described by Richards et al (1980). This modified water shock tube 
is used to produce tension by igniting a combustible gas mixture in the top half of a 
sealed tube causing a compressional pulse propagated down though the liquid 
contained in the lower half of the tube (see figure 1.10). This pulse was later reflected 
by a Mylar diaphragm (noted that the acoustic impedance of the Mylar diaphragm is 
not much greater than that of water, the Mylar-water interface behaved almost as a 
free surface and so produced what was virtually a complete phase reversal of the 
incident compression), 0.05 mm thick firmly clamped by the flanges, which supported 
the water column.
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Figure 1.10 Sketch showing main features of water shock tube (Richards et al, 1980)
Two pressure transducers (Gj and Gi) were used to measure the pressure and reflected 
tension pulses in the tube while a twin-mirror schlieren system was used to 
photograph the bubbles produced by reflection tension. The author reported that the 
peak amplitude of pressure pulse generated by the detonation was about 60 bar while 
the peak amplitude of reflected tension in the tube never exceed 1 2  bar although the 
photographic records proved that the liquid was actually fracturing.
1.5.2.2 The Bullet-Piston Method
The Bullet-Piston (B-P) method involves a liquid in a vertical steel cylindrical tube 
fitted with a piston at its lower end. A pressure pulse is generated in the liquid by a 
bullet striking the piston, travels up the liquid column to be reflected at the free 
surface as a pulse of tension. By varying the peak pressure, P, in the incident pulse, 
the values of P and the peak tension, F, of the reflected pulse are recorded. The (F, P) 
curve shows a limiting value which provides an estimate of Fc (Trevena, 1987). The 
value of Fc originally reported for water in a stainless-steel B-P apparatus was 15 bar
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(Sedgewick and Trevena, 1974), whereas for water in a stainless-steel Berthelot tube, 
Jones et al (1980) obtained 46 bar. These results are unexpected, given that an 
important factor determining Fc is the rate of stressing experienced by a liquid: 
usually, the higher the rate of stressing, the higher the value of Fc obtained. The free 
surface of water is not a perfect reflector for a pressure pulse incident upon it, an 
observation that has been used in attempts to explain the anomalously low values of 
tensile strength, Fc recorded for this liquid in the bullet piston B-P experiment 
(Temperley and Trevena 1977, 1979, 1987). Williams and Williams (2000, 2002) 
showed that, in the cavitation experiments of Couzen and Trevena (1969, 1974), a 
combination of slow response pressure transducer and low data-sampling rates had 
resulted in considerable underestimates of the amplitude of cavitation-induced 
tension.
The work reported by Williams and Williams (2000) established the B-P technique as 
a reliable tool in cavitation research. In particular, it allows the cavitation properties 
of liquids to be investigated over a wide range of temperatures. This is an important 
feature in respect of the properties of liquids such as engine lubricants. For this reason 
the B-P technique was selected as the principal research tool in the work reported in 
this Thesis. The work reported in Chapter 2 describes the technique in more detail and 
gives an account of the development of an improved form of the B-P apparatus 
reported by Williams and Williams (2000).
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2.1 Introduction
The free surface of water is not a perfect reflector for a pressure pulse incident upon it, an 
observation which has been used in attempts to explain the anomalously low values of 
tensile strength, Fc, recorded for this liquid in the Bullet-Piston (B-P) experiment 
(Temperley and Trevena, 1977 & 1979). It is found that the values o iF c recorded in this 
experiment, in which a pressure pulse is reflected (as tension) at the free surface of a 
column of water, are considerably lower than those obtained under static stressing 
conditions, such as in the Berthelot-tube experiment. The value of Fc reported for 
deionised water by the B-P technique is 10 bar (Sedgewick and Trevena, 1976) whereas 
for water in a stainless steel Berthelot-tube, Jones et al. (1981) obtained 46 bar.
These results are unexpected, given that an important factor determining Fc is the rate of 
stressing experienced by the liquid: usually, the higher the rate of stressing, the higher the 
value of Fc obtained (Trevena, 1982). In the Berthelot-tube, tension usually develops over 
a period of several minutes, whereas in the B-P experiment the time of stress 
development is typically a few hundred microseconds.
Temperley and Trevena (1979, 1987) proposed an explanation for the anomalously low 
values of Fc recorded in B-P experiments which invoked the concept of a metastable 
transition layer, between liquid and vapour. The transition layer makes the free surface an 
imperfect reflector, and accounts for the distortion of reflected pulses found in B-P work. 
This implies inter alia that the amplitude of such a reflected pulse is not a reliable 
indication of the tensile strength of the bulk liquid.
Temperley and Trevena (1987) considered that this explanation accounted for the 
anomalously low values of Fc but some points remain unresolved. First, the ratio of (peak 
tension)/ (peak pressure) reported in B-P experiments vary from 0.36 for deionised water, 
to 0.5 for boiled deionised water. Given that the peak amplitude of the incident pressure 
pulse could vary between 100 bar and 300 bar (Couzens and Trevena, 1974; Trevena 
1987), it follows that tensions of between 40 bar and 100 bar would be expected to ensue. 
Furthermore, in order to account for the anomalously low values of Fc , Temperley and
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Trevena’s theory involving the transition layer between liquid and vapour requires a very 
large difference between the speed of sound in liquid water, c, and that in water-vapour, 
cv: this is necessary in order that the wavelength of the pulses undergoing reflection 
becomes commensurate with the thickness of the transition layer, which is of the order of 
only a few intermolecular distances (Als-Nielsen, 1985). However, the ratio c jc  is 
around one-third (Bolz and Tuve, 1973), which is far too large to provide a satisfactory 
explanation. These anomalies in previous B-P work were resolved by Williams and 
Williams (2000) who showed that a combination of slow pressure transducer response 
and low sampling rates could account for the discrepancies between various estimates of 
tensile strength in B-P work.
The present chapter reports work involving a new B-P apparatus which improves upon 
previous B-P and water shock-tube work in employing a new method of estimating Fc. 
The new B-P apparatus also involves a new method permitting the rate of tensile stress 
development to be varied with the liquid sample maintained in situ.
2.2 The Bullet-Piston Apparatus: Previous Related Work
Most previous B-P experiments have involved a vertical tube fitted with a piston at its 
lower end (see figure 2.1). A pressure pulse generated by a bullet striking the piston 
travels up a liquid column within the tube, to be reflected at the free surface as tension. 
By varying the peak pressure, P, in the incident pulse, the values of P and the peak 
tension, F, of the reflected are recorded by two pressure transducers which could be 
inserted into port holes at various depths in the wall of the tube (see figure 2.1). The 
graph (see figure 2.2) shows that the value of F does not increase linearly value P. The 
limiting or ‘plateau’ value is the maximum tension which the liquid can stand and the 
breaking tension needed to produce cavitation (Trevena, 1987).
Early B-P work suggested that degassed, distilled water was incapable of sustaining a 
tension greater than 10 bar (Davies, 1956). In subsequent B-P work, Couzens and 
Trevena (1969) found a value of 15 bar for degassed, deionised water. Such anomalously
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low values have been shown to be a result of inadequacies in the pressure recording 
equipment previously employed. A critical aspect of this -  and one which is overcome in 
the work reported in this thesis -  involves the data sampling rate employed to record 
rapid variations in pressure occurring within the tube. This aspect of the B-P experiment 
is now explained in detail below.
liquid
Transducers
Piston
Figure 2.1 Schematic diagram of the early form of bullet-piston apparatus (Trevena, 1987)
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Peak Tension, F (atm)
Peak Pressure, P (atm)
Figure 2.2 (F, P) graph used to estimate the maximum tensile strength, Fc, o f a liquid by Couzen and 
Trevena (1974)
2.3 Inadequate Transduction and a Neglect of the Effects of Wave Reflection in 
the Pulse-Reflection Work
W illiam s and W illiam s (2000) claim ed that the anom alously  low  values o f  liquid tensile 
strength obtained  in prev ious B-P w ork cannot be explained in term s o f  the effect o f  the 
free-surface transition  layer in pulse reflection (as Tem perley  and T rev en a’s explanation) 
may be attribu ted  to defic iencies in the techniques previously used to recorded dynam ic 
tensions. T heir w ork in ‘tu b e -a rre s f  experim ent is stim ulated  by the findings o f  W illiam s 
et a l  (1997, 1999), w ho show ed that, in the cavitation experim ents o f  O verton  and 
Trevena (1981), a com bination  o f  s low  responding pressure transducers, and low  data- 
sam pling rates, had resu lted  in considerab le underestim ates o f  the  am plitude o f 
cavita tion-induced  pressures, and speculated  that sim ilar considerations w ould pertain  to 
the results o f  B -P  experim ents, and to those o f  the w ater shock tube  w ork o f  R ichards et 
al  (1980).
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In addition, the previous B-P workers neglected the reflection of downward travelling 
tension pulse at the face of piston cause of large underestimates of peak tension in 
previous dynamic stressing B-P reflection work (Williams and Williams, 2002). These 
combination factors have led to the anomalously low values of liquid tensile strength 
recorded in previous dynamic stressing experiments involving the reflection of a pressure 
pulse (as tension) at free surface of a column of water, or at a flexible membrane. The 
factors that lead to the anomalously low values of tensile strength of water obtained in 
previous B-P work are being discussed individually.
2.3.1 Slow Respond Pressure Transducers
In previous B-P work, a pressure pulse is generated by the impact of the striking bullet to 
the bottom of the piston travels up a vertical column of liquid, when such a pulse reaches 
the upper free surface of the liquid it is reflected downwards as a pulse of tension, 
pressure changes in the water column were monitored by means of two piezoelectric 
transducers (type 701 A, as supplied by Kistler Instruments Ltd) used by Couzen and 
Trevena (1974) and Sedgewick and Trevena (1976) mounted at different liquid depth in 
the wall of the tube.
Pressure information in the form of a voltage output from the transducer was fed through 
an electronic filter to a cathode ray storage oscilloscope and photographic records of the 
accompanying oscilloscope traces were made. The purpose of the electronic filter was to 
remove any unwanted frequencies (or mechanical vibration of the system produced by 
the impact of the bullet to the piston).
The use of the Kistler-type 701A transducer represented a considerable improvement 
over the strain gauge used by Davies et al (1956) and the microphone used by Bull 
(1956). They found that the maximum amplitude of tension pulses arising from the 
reflection of compressional waves at a free surface has yielded less than 20 bar. Even 
lower values of Fc have also been reported in dynamic stressing experiments on water 
involving the ‘tube-arrest’ techniques. The tensile strength of water reported in this 
experiment is approximately 1 bar (Williams etal, 1982; Overton et al, 1984).
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This results were unexpected due to the static stressing techniques which obtained far 
more higher tensile strength of water, up to 270 bar using centrifugal method by Briggs 
(1950) and is at variance with expectation given that an important factor determining Fc 
is the rate of stressing: usually, higher the rate of stressing, the higher the value of Fc 
obtained (Overton and Trevena, 1982).
The dynamic stressing work involving shock-wave reflection from a Mylar membrane 
instead of the free surface, Marston and Unger (1986) inferred a maximum tensile 
strength of water of ca. 1 0 0  bar, although in the work of Richards et al (1980), which 
involved a similar membrane, the tensile strength of water was similar from that obtained 
by free surface reflection {ca. 10 bar). The main reason of anomalously low value of 
tensile strength of water obtained by Richards probably caused by the slow respond 
Kistler-type 701 pressure transducer. The Kistler 603 B pressure transducer was used by 
Marston and Unger which has a shorter risetime (~1 (is) than the Kistler 701A 
transducers ( ~ 6  (is). It is emphasised that the Kistler-type 701 pressure transducer used by 
Richards et al (1980), is the same model as used in previous B-P work by Couzen and 
Trevena (1974), Sedgewick and Trevena (1976) and in the ‘tube-arrest’ experiments of 
Overton and Trevena (1981), Overton et al (1984) and Williams eta l (1982).
Therefore, previous dynamic stressing experiments on measurement of Fc with resort to 
direct pressure transducer, leads to lower tensile strength of liquid, due to the slow 
respond Kistler-type 701 pressure transducer which could not fast enough to record these 
rapid dynamic tension pulses. In addition, previous results relied upon accurate 
measurements of substantial dynamic negative pressure, using transducers which are 
designed for use in the range of positive pressures.
In addition, the recorded tension depends markedly on the location of a transducer due to 
the effect of interference waves in the liquid column of B-P apparatus, this may lead to 
underestimate the true tensile strength of a liquid (Williams and Williams, 2002). Instead 
using direct measurement of transducer, alternative way is to measure the velocity of the 
tension pulses from which Fc is obtained, such as Carlson (1973, 1975) used the 
reflection principle to convert a pressure pulse into a tension pulse, was monitored by
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means of a velocity interferometer using light from a He-Ne laser. From a series of 
experiments Carlson and Henry found the tensile strength of glycerol and mercury to be 
600 and 19 kbar respectively.
In another type of dynamic stressing ‘tube-arrest’ experiment carried out by Williams et 
al (1999) on samples of deionised water suggest that this liquid can sustain a transient 
tension of up to ca. 700 bar under dynamic stressing by pulses. The measurements on 
tensile strength of water are relied on the propagation of velocity of the reflected tension 
pulse, which later induce cavitation, by using two Kistler 603B pressure transducers. The 
advantage of this method is the direct measurement of tension by pressure transducer is 
eschewed. They also found important evidence as the reflected tensions propagate not at 
the speed of sound in liquid water (ca. 1450 ms'1) but at that associated with water 
vapour (495 ms'1).
In static stressing work, Alvarenga et al (1993) who employed a Brillouin scattering 
technique to measure the speed of sound in water liquid-vapour inclusions in specimens 
of quartz, the negative pressures generated in water can be reached as high as 1 0 0 0  bar 
but this required long extrapolations into the negative pressure regime using equations of 
state which had been determined in the range of large positive pressures.
2.3.2 Data Sampling Considerations in B-P Work
In practice, the selection of sampling rates for a particular signal depends on how rapidly 
the signal is changing with time. Since the periodic sampling of pressure-tension record 
obtained in B-P experiments is roughly about a few microseconds, at least the sampling 
rates must be up to 1 MHz in order to recover the complete signal waveform by 
interpolation. However, the ancillary recording equipment (a Tektronix 5113/5B10N 
cathode ray oscilloscope (CRO) and Z80-based digital transient recorded respectively) 
used by previous workers, Davies eta l (1956) estimated to have resulted in low sampling 
rate of <10 kHz. Further, to simulate the effect of the phosphorescent CRO screen storage 
mechanism, the artificially slowed pressure record was subjected to a five-point moving- 
average procedure which effectively reproduces the characteristic ‘smearing’ effect, it
33
Chapter 2
caused a loss of signal information due to low sampling rates, hence lead to 
underestimate of the amplitude of the tension pulse is generated in the liquid, therefore a 
lower Fc of a liquid is obtained in previous B-P work (Williams et al, 1997).
As a result of low sampling rate, in previous B-P work, the first pressure-tension cycle 
has been reported as single pressure pulse which is immediately followed by a single 
pulse of tension where Fj and F2 are no longer distinct and separate, appearing instead as 
a broad, single tension pulse of reduced amplitude (sampling rate <10 kHz, see Figure 
2.3). However, if the sampling rates >1 MHz shows that two tension pulses (F 7 and F2, 
see Figure 2.3) are actually recorded. The amplitude of the tensions recorded at a 
sampling rate of 1 MHz was found to be larger than those evident at 10 kHz or less. It 
can be confirmed that the lower sampling rate results in a significant underestimates of 
tension (Williams and Williams, 2000 & 2002).
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2.3.3 Wave Interference of Pulse Reflection in B-P Work
Reflection of wave pulses has long been recognised as a factor which may influence the 
results obtained in B-P experiments (Couzen and Trevena, 1969). Previous B-P work has 
only involved consideration of the overlap of the incident pressure pulse, and reflected 
tension pulses at the free surface of the liquid. The resultant pressure variation below the 
free surface is then determined by the superposition of the pressure pulses and reflected 
tension pulses whose overlap may be avoided by positioning transducers at a sufficiently 
large distance from the surface (see figure 2.4(a)). However, the advanced explanation is 
given by Williams and Williams (2002) for the anomalously low values of Fc recorded in 
previous B-P work involves the overlap of tension pulses at the base of the liquid column 
(See figure 2.4(b)). When cavitation of the liquid accompanies this pulse overlap, the 
velocity of the pulse may differ significantly, with the result that tension recorded within 
the liquid appears too low (by an order-of-magnitude).
In the current B-P work reported in this Thesis, pressure changes within the liquid were 
monitored using three pressure transducers (Kistler type 603B, Kistler, UK) mounted in 
mechanically isolated ports in the different locations along in the column of water (L = 
0.95 m) at 25 °C which are 5, 27 and 6 6  cm apart from the face of the piston at the 
bottom of the tube. Care was taken to avoid interference between wave propagation 
upward and downward, by using non-resonant heights of a liquid column.
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(a) Liquid phase 
Pressure pulse
Pressure pulse
Tension pulse *
Tension pulse
Gas phase (b) Liquid phase 
Tension pulse
Solid phase
Tension pulse
The magnitude <  
of overlapping 
tension pulses 
exceeds the Fc
Tension pulses 
diminish,
cavitation /
grows
n * /  ----- \  1
Tension pulse
Figure 2.4 (a) Reflection of pressure pulse at the free surface of liquid column (as a fixed wall) (at the left) 
(b) Reflection of tension pulse at the base of liquid column (as a free end) (at the right)
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Figure 2.5 shows different amplitudes of the pressure and tension pulses measured at 
different locations of liquid column. The recorded tension depends markedly on the 
location of a transducer due to the effect of wave interference. At time = 0.004 s the 
initial pressure pulse, 1, is recorded by the bottom transducer, followed by pulse 2 is 
recorded by middle transducer, and then pulse 3 is recorded by the top transducer. This 
confirms the assumption made by previous workers that the initial pulse travels upwards 
through the liquid. Pulse 1 and pulse 3 occur at 4.31 ms and 4.73 ms, respectively, in the 
record; and the distance travelled is 61 cm, corresponding to a velocity of 1452 ms'1, this 
velocity is close to the propagation of sound in liquid water, c (some 1435 ms'1).
The next feature in the record is the reflected pulse at the free surface as a tension pulse 4 
which is first recorded by the top transducer: this is followed by the middle transducer, 
and then by the bottom transducer. Hence it can be concluded that these pulses move 
downwards through the liquid column. Their velocity, calculated from the time delay 
(0.44 ms) between pulses 4 and 6 and the distance travelled (61 cm), correspond to a 
velocity of 1386 ms'1. The total time taken for a pulse travelled along the liquid column 
between peak pressure pulse 1 and peak tension pulse 6 is 1.20 ms and the total distance 
is 180 cm (corresponding velocity of 1500 ms'1).
It is instructive to focus on a feature which is absent from previous descriptions of the 
pressure records in B-P work, namely pulses 7, 8 and 9 (which propagate upwards 
through the liquid column). This reflected tension pulse 7 is recorded first by the bottom 
transducer and pulse 8 is then subsequently recorded by the middle transducer and, 
finally, pulse 9 is recorded by the top transducer. Their velocity, calculated from the time 
delay (0.157 ms) between reflected tension pulse 6 and 7 and the distance travelled (10 
cm) is 637 ms'1, this velocity is close to the propagation of sound in water vapour, cv 
(some 494 ms'1), a result which implies that cavitation occurs in the water in this region 
(Williams etal, 1997). This may be expected due to the overlapping tension pulses at the 
bottom of the liquid column (refer to figure 2.4 (b)). Such a tremendous velocity 
difference between pulses 6 and 7 (as Fj and F2, respectively, in figure 2.3) will influence 
estimates of Fc, (Williams and Williams, 2002).
39
Chapter 2
It is interesting to note that similar observations pertain to the shock-tube method used by 
Richards et al (1980), who in order to increase the magnitude of the reflected tension, 
placed a converging-diverging nozzle in the test section. When no cavitation occurred, 
the velocity of both downward-moving compression wave and the upward-moving 
tension pulse corresponded to the velocity of sound in water (some 1550 ms'1). When 
cavitation was observed, an accompanying acoustic field radiated by the collapse of 
bubbles was found to be associated with two velocity components whose values were 
1550 ms'1 and 550 ms'1, respectively. The former downward traveling pressure pulse 
corresponding closely to the speed of sound in water liquid c, whereas the latter reflected 
traveling tension pulse corresponding closely to the speed of sound in water vapour, cy
2.4 Improved Bullet-Piston Apparatus
In order to overcome the various issues reported above, the current work involved a new 
B-P apparatus incorporating faster responding pressure measurements, the outputs of 
which were sampled at higher rates (1 MHz to 20 MHz) by 12-bit analog to digital 
conversion (Gage Inc., Canada). In addition, previous B-P work used electronic filters 
and moving average methods to obtain pressure records but these techniques can 
introduce unwanted artefacts into the records (Williams and Williams, 2000). In the 
present work the pressure records were transferred to a PC-AT microcomputer for further 
analysis using a commercial signal processing software package (DADISP; DSP Corp., 
USA). This package enables effective removal of high frequency noise digitally, without 
reducing the sampling rate. Hence it was possible to recover the recorded wave forms 
without aliasing error.
In addition to improved signal capture techniques and data analysis methods, the present 
work improved upon previous B-P studies by employing a new method for estimating the 
amplitude of tension sustained by the test liquid. This is a significant development as the 
direct recording of substantial negative pressures using transducers calibrated only in the
40
Chapter 2
positive pressure regime is dubious. The method used in the present work is now 
explained in Chapter 3, along with a new B-P method in which the rate of tensile stress 
development is varied.
Dynamic Stressing Liquids 
Improved B-P Apparatus
3.1 Introduction
3.2 The Basic Description o f B-P Apparatus
3.3 Cleaning Procedure
3.4 Signal Processing and its analytic work
3.5 Determination of Cavitation Threshold, Fc, of Liquid 
involving the Application of a Regulated Static 
Pressure
Chapter 3
3.1 Introduction
The apparatus described in this Chapter is based on the design of Couzen and Trevena 
(1969, 1974), Sedgewick and Trevena (1976) but incorporates faster respond pressure 
transducer and higher data-acquisition rates to overcome the previous significantly 
underestimation of the value of tensile strength, Fc of liquids and also an advanced 
signal-processing software package is utilised for further analytical works deemed 
necessary after preliminary work described in Chapter 2. In addition, the B-P technique 
used in previous work has the disadvantage that the means by which P is varied (using 
different combinations of piston mass, piston length and bullet momentum) necessitates 
frequently dismantling of the apparatus and removal of the liquid. This (potentially) alters 
the liquid’s nucleation state and is inconvenient for work at high and low temperatures 
and relies upon accurate measurements of substantial dynamic negative pressures, using 
transducers which are designed for use in the range of positive pressures. Therefore, the 
improved B-P apparatus was used in this work to overcome the difficulties of previous 
works by a method which allows Fc to be estimated with the same sample remaining in 
situ throughout.
3.2 Basic Description of ‘Bullet-Piston’ Apparatus (see Section 1 in figure 3.1)
The present apparatus consists of a cylindrical, stainless steel tube (length 1.4 m and 
internal diameter 0.0243 m) closed at its lower end by a piston (figure 3.2). The tube is 
locked to restraining lugs and is supported by a steel arm (#5 in figure 3.2) on a counter- 
weighted aluminum stand. The piston’s lower surface is impacted by the bolt of a 
cartridge driven stun-gun (Magnum model 7000, Shelby and Vokes, UK) (#1 in figure
3.2 or refer to figure 3.3) which generates a pressure pulse in a column of liquid within 
the tube. The impact area between the bolt and bottom piston region is safely guarded by 
a thick steel gun shield (#8 in figure 3.2). The duration of the pressure pulse is typically 
300 ps with a rise time to peak amplitude of 50-100 ps.
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Pressure changes within the liquid column were monitored using three dynamic pressure 
transducers (Kistler 603B, Kistler UK) ( #4 in figure 3.2) mounted in mechanically 
insulated ports in the tube wall at different depth in the column of liquid, the positions of 
the transducers above the face of the piston being 5, 27 and 66 cm respectively. In each 
experiment, the free surface was 0.95 m above the face of the piston at the base of the 
liquid column. The output voltages of the pressure transducers were recorded by a high 
speed acquisition system Gage Scope (Gage inc., Canada) specially designed for the 
capture of rapid transient signals. The transducer output voltage was sampled at 1 MHz 
by a 12-bit analogue to digital converter with an 8 MB memory buffer. The pressure 
records were transferred to a PC-AT microcomputer for analysis using signal processing 
software (DADiSP; DSP Corp., USA).
The upper sections of the apparatus was modified to permit the application of a regulated 
static pressure above the liquid column, using oxygen-free nitrogen supply and a pressure 
gauge (PSI-Tronix, USA) was attached, via transducer port (#4a, figure 3.2) in order to 
record the applied pressure. This system also permits connection of the tube to a vacuum 
line (-1 bar) (#4b, figure 3.2) and allows the liquid sample inside the column to be 
thoroughly degassed in situ by connecting the upper flange to a vacuum line and the 
static pressure (or oxygen-free nitrogen gas) also can be removed after the measurement 
of experiment. Therefore, the static pressure above the liquid column can be controlled. 
The lower flange houses the piston and provides a connection to a steam condensing 
system and a liquid drain point.
Temperature control was achieved by combination of a heating tape and a refrigeration 
unit (see figure 3.4). The refrigeration unit consists of a TAE M10 water chiller 
(M.T.A.SRL, Italy) connected to a double copper coil (OD 5 mm) system wrapped 
tightly around the B-P apparatus. The coolant liquid circulated around the apparatus was 
Go Therm AF200 (Linde, UK), which contains 1, 2 propanediol, and this enables 
temperature control over the range -15 °C < T < room temperature. High temperature 
control is achieved by means of a 3 m heating tape (100 W/m at 230 V), wrapped tightly 
around the copper cooling coils on the B-P apparatus, and connected to a variac voltage 
controller (RS, UK). This gives an upper working temperature of ~ 135 °C, thus the
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heating tape gives the B-P apparatus an operating range of room temperature < T < 135 
°C. Thus the combination of the refrigeration unit and heating tape gives the B-P 
apparatus an operating range of -15 °C < T < 135 °C. The cooling coil and heating tape 
are surrounded by Armourflex lagging (IPS Ltd., UK) to provide insulation and improve 
cooling/heating efficiency. All temperature measurements were made, by the use of 
thermocouples (Jenway, UK), at the tube’s inner surface and minimal temperature 
variation was observed over the length of the liquid column within the B-P apparatus. All 
experiments were conducted in a wide range of temperature from -15 to 135 °C (±1 °C), 
hence ideally suited to the study of liquids in a wide range of temperature.
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Magnum Model 7000 captive-bolt stun gun (Section 1) 
(Refer #1 in figure 3.1)
OPTIONAL
CAN BE REPLACED WITH SPRING CAP ITEM V)
Figure 3.3 The magnum model 7000 cattle stun gun
1 muzzle 16 safety 'O' rmg
2 buffer 17 safety cap outer
3 bolt 18 safety stop pin
4 packing ring 19 firing pm
5 thrust collar (pair) 20 trigger
6 lock washer 21 extractor plunger
7 retaining ring 22 plunger spring
8 ball 23 extractor .25 cal
9 breech 24 pull bush
10 breech cap 25 pull split bush (pair)
11 small 'O' ring 26 pull lock 'O' ring
12 microvon trigger spring 27 pull ring
13 firing pin spring 28 breech locking cover
14 pull 29 spring cap
15 safety cap inner
Table 3.1 The table of individual parts of the stun gun
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3.3 Cleaning Procedure
The improved B-P apparatus was designed in such a way that cleaning procedure can be 
easily carried out. The top flange is connected to a high steam pressure line and, prior to 
experiments, superheated (110 °C) steam is blown through the tube and is subsequently 
drained from the bottom where the lower flange houses the piston which, when removed, 
provides a connection to a steam condensation system and a liquid drain point. After 
several hours of steam cleaning, warm water was flushed through the tube several times 
followed by a rinse with deionised water. If necessary (depending on the degree of 
contamination) a soap solution was used, and the inner wall of the tube was mechanically 
brushed from top and bottom. The walls of the open tube were subsequently heated and 
allowed to dry at 100 °C. Following this procedure the tube was allowed to cool prior to 
being refilled to the required depth (non-resonant heights of a liquid column) with a fresh 
sample of liquid which was subsequently heated to the test temperature.
3.4 Signal Processing and Analysis
3.4.1 Pressure Transducer (see Section 1 in figure 3.1)
Pressure changes within the liquid were monitored using dynamic pressure transducers 
(Kistler 603B, see Figure 3.5) mounted in mechanically isolated ports in the wall of the 
tube where it’s active surface physically in contact with the liquid in the column. The 
direction of shock propagation within the test liquid produced by the impact between the 
bolt and the bottom of piston was normal to the transducer’s active surface. The Kistler 
603B, which has a short rise-time (1 ps), a high natural frequency (>450 kHz) and a 200 
bar dynamic range at temperatures up to 200 °C, has been used in other cavitation studies 
(Tomita and Shima, 1986; Marston and Unger, 1986). It is important to note that the 
pressure transducer used in previous ‘bullet-piston’ work by Couzen and Trevena (1974) 
was a Kistler Type 701A which has a significantly longer rise time than the 603B (some 
7 |is) in addition to its far lower natural frequency (ca. 70 kHz) necessitated the use of 
extensive electronic filtering circuitry in previous work to avoid mechanically-induced 
vibrations associated with the ‘ringing’ of the apparatus.
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The basic action of the 603B is based on piezoresistive technology which converts 
mechanical pressure waves into an electrical signal by deforming through a diaphragm on 
a quartz crystal, a single silicon crystal as a measuring element which does not undergo 
any plastic deformation. A Wheatstone bridge arrangement of semiconducting resistor is 
diffused into the surface of the transducer’s diaphragm detects changes in pressure and 
the bridge circuit is unbalanced proportionally by the applied pressure, which is then 
amplified and analysed following sampling rate at 1MHz by 12-bit analog to digital 
convertors (ADCs) (Gage Inc., Canada).
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3.4.2 Data Acquisition (see Section 2 in figure 3.1)
The GageScope, manufactured by Gage Applied Sciences Inc, Canada, is a modular data 
acquisition system designed for the capture of transient voltage signals (see figure 3.6). 
The GageScope system used in the present work contained the following system control 
settings, including
• Sampling rate (how many sample points per second should be acquired by the 
CompuScope Card)
• Capture modes (continuous & one shot mode)
• Trigger level (If the voltages of an input signal crosses the trigger level, a trigger 
event invokes and subsequent data acquisition)
• Time-out (the amount of time GageScope for Windows wait for a trigger event to 
occurs)
• Post-trigger depth (signals acquired after the trigger event occurs)
• Pre-trigger depth (signals acquired before the trigger event occurs)
• Trigger depth (total amounts of samples or points can be stored, in current on­
board memory of the CompuScope is 1,000,000 points)
• Multiple channels recording
The GageScope control software (Gage Inc., Canada) was used to control the time-base 
triggering and sampling rates, and also to transfer data to the host PC for analysis. This 
software controls two channels independently and the recording of data only takes place 
when the time-base is triggered and the GageScope is armed using ‘One shot’ software 
commands. Each channel contains options for changing the settings of individual 
channels, such as position, vertical scale, input range, and coupling.
In the present work the output voltages of the dynamic pressure transducers (Kistler 603 
B) were sampled at sampling rates as high as 100 MHz and were fed into different 
channels via BNC connectors and RF coaxial cables to a GageScope Cl 610, 12 bit 
analogue to digital converter with a 2 MB memory buffer. Input voltage trigger level
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could be incrementally selected (independently for each input) from as low as ± 50 mV 
to as high as ± 5 V. The system control can be set to record most of the samples before or 
after being triggered (using the pre-trigger or post-trigger function), level of trigger, and 
trigger depth, high sampling rate was utilized to ensure that the high speed process of the 
entire cavitational event were captured. The data (i.e. voltages corresponding to positive 
and negative pressures) were saved to computer in ‘integer’ format with an Gage header 
file which gave details of the sample rate, date and time of acquisition and channel 
address, later it converted to ASCII (American standard code of information interchange) 
file. Finally, the ASCII file which contains waveforms were imported and further 
analysed using a commercial digital signal processing software package called DADiSP 
ver. 4.0, (DSP Development Corporation, MA.).
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3.4.3 Digital Signal Processing (DADiSP software) (Section 3 in figure 3.1)
The DADiSP software package was used in the present work to eliminate the unwanted 
high frequency signals due to the ‘vibrational noise’ of the system, this noise originating 
principally due to impact between the bolt and the bottom of the piston. Digital filters 
were constructed based on the fast Fourier transform (FFT) which transformed the time- 
series data into a frequency spectrum, thereby allowing the spectrum to be manipulated 
(i.e. removal of the vibrational noise by band-stop filters) before converting the modified 
frequency spectrum back into a time-domain signal.
The GageScope file captured from the pressure transducer was converted to ASCII file 
format prior to importing into DADiSP ver. 4.0, (DSP Development Corporation, MA) 
(see figure 3.7). The total sampling points were 1,000,000 and sampling rate was 1 MHz 
(this is the highest speed for Kistler 603B transducer responded) (see figure 3.8). A 
Bandstop filter was created (see figure 3.9) to remove vibrational noise picked up during 
the experiments (see figure 3.10). For example, the frequencies of main pressure-tension 
cycle in figure 3.8, generated by the impact between the bolt and the bottom piston, are 
between 250-400 Hz. The unwanted vibrational noise generated in the system can be 
easily calculated in figure 3.8 where their frequencies range as high as 7-10 kHz or 
higher. Figure 3.9 also shows the main pressure-tension cycles which are associated with 
cavitational activity.
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3.5 Determination of Cavitation Threshold, Fc of Liquid Involving the 
Application of a Regulated Static Pressure (see Section 4 in figure 3.1)
The upward-travelling pressure wave generated by the piston is recorded as the pressure 
pulse denoted #1 in figure 3.12. This pulse is subsequently reflected (as tension) at the 
free surface of the liquid and is recorded as the downward-travelling pulse denoted #2. 
This pulse is eventually reflected from the face of the piston and, as the tension increases, 
cavitation bubbles grow from preexisting nuclei within the liquid. Eventually, these 
bubbles collapse, thereby compressing their contents (a mixture of non-condensable gas 
and vapour). Ultimately, the inward motion of the bubble walls is arrested by this 
compression and the bubble surface rebounds, emitting a pressure wave into the liquid as 
it does so. This is the origin of the feature labeled #3 in figure 3.12. The subsequent 
tension pulse (denoted #4) corresponds to the reflection of #3 from the free surface of the 
liquid (Williams etal, 1997).
The improved B-P method involves regulating a static pressure, Ps, in the space above the 
liquid column, Ps being increased gradually in a series of dynamic stressing experiments. 
From the dynamic pressure records obtained in these experiments a record is made of the 
time delay, r, , between the peak incident pressure (corresponding to #1 in figure 3.12)
and the first pressure pulse arising from the cavitation bubble collapse (corresponding to 
#3 in figure 3.12). From the work described in section 2.4.3, it is clear that the B-P 
experiment involves the transmission of a pulse of tension by the liquid to the face of the 
piston: and that cavitation may result from the effect of overlapping tension pulses. It 
follows that in the case of experiments in which cavitational activity is detected, the 
magnitude of the tension transmitted by the liquid is sufficient to result in the 
development of a transient net negative pressure in the presence of a background static 
pressure (Ps). It is useful to recall here that, under tension, cavitation bubbles grow from 
pre-existing nuclei within the liquid and eventually collapse and rebound, emitting a 
pressure wave into the liquid as they do so. Hence the interval , which encompasses the 
attainment of maximum cavity radius and its subsequent decrease to a minimum value, is 
reduced by increasing Ps (r i therefore provides a convenient measure of cavitational
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activity). Thus, an estimate of the magnitude of tension a liquid experienced before it 
breaks can be obtained from a knowledge of Ps, hence the direct measurement of tension 
by pressure transducers is eschewed.
The results of such experiments on degassed, deionised water are shown in figure 3.13, in 
which T, is plotted as a function of Ps (absolute, in p.s.i.) and from which Fc is estimated 
in the following way. The time delay, t 0, between pulses corresponding to ‘1’ and ‘2’ in
figure 3.12 represents the time required for the upward-travelling pressure wave to return, 
as tension, to the bottom transducer’s location: it also represents the smallest time interval 
for which a cavity growth-collapse cycle could occur given that a bubble would have to 
grow and collapse infinitely quickly in order that r. = r0. Thus, Fc is estimated by
extrapolation of the data in figure 3.13 to that pressure Ps at which ri — r0, this condition 
representing the complete suppression of cavitational activity. By this procedure, 
Williams and Williams (1999) found a value of tensile strength of 90 bar for deionised, 
degassed water which is an order-of-magnitude higher than the previous B-P obtained.
The signal analysis procedures and methodology detailed above were subsequently 
employed in die improved B-P apparatus to study the cavitation behaviour of water over 
a range of tensile stress development rates. That work, the first of its kind to be 
undertaken in dynamic stressing work involving single pulses of tension, is now 
described in Chapter 4 of this Thesis.
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Stressing Rates on the Measurements o f  
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4.1 Abstract
This chapter reports the results of experiments in which samples of degassed, 
deionised water were subjected to dynamic stressing by pulses of tension in the B-P 
apparatus. The particular pulse reflection technique employed and referred to herein 
allows the rate of development of tension in the liquid (hereafter denoted ) to be 
varied in a systematic manner, in order to investigate its influence on the resulting 
measurement of the liquid’s effective tensile strength (or ‘cavitation threshold’), Fc. 
Results are reported for experiments which involve a range o f stressing rates, 0.43 
barps'1 < CiF < 1.79 barps'1, for samples of degassed, deionised water at a constant 
temperature (25 °C). These experiments, which are the first of their kind to be 
reported, show an approximately four-fold increase of Fc at the highest stressing rate 
in water, this value being 224 bar (for ClF = 1.79 barps'1) compared to a value of 60 
bar at a lower stress development rate ( = 0.432 barps'1). These results provide
additional insight into the reasons underlying the mechanisms instead of wide ranges 
of values of Fc which have been reported in the literature and provide evidence to 
substantiate the claim, made by previous workers (Overton and Trevena, 1982) that 
the rate of dynamic stressing is an important consideration in understanding the 
cavitation properties of liquids.
4.2 Introduction
A review (Herbert and Caupin, 2006) of the experimental work on cavitation in water, 
focusing on the determination o f maximum tensile strength, Fc of water is divided 
into two broad groups of results. The first group consists of ‘quartz inclusion’ studies 
which present values of Fc in the range 800 bar < Fc < 1400 bar. Such studies are 
thought to involve homogeneous nucleation conditions, giving rise to values of Fc 
close to theoretical limit, where there is little dependence of F c on stressing rate 
(Fisher, 1948). A second group o f results, which produce values o f Fc in the range 40 
bar <FC< 260 bar, in which heterogeneous nucleation is responsible for the recorded 
cavitation events, and here a dependence of Fc on stressing rate may be expected 
(Trevena, 1982). The results of second group shown in table 4.1 reflect the findings
66
Lmapter 4
reported by several workers that in measurements of the maximum tensile strength of 
water, with different experimental techniques produce a wide range of results.
No fully satisfactory explanation has been given for the extremely broad range of 
values represented by the results shown in table 4.1. A principal difficulty in 
reconciling the results of such studies is clearly the diverse range of experimental 
techniques employed. Each of these techniques has different characteristic in terms of 
the corresponding rates of tensile stress development it invokes within a test liquid. It 
is arguable therefore that what has been lacking is a single technique in which the rate 
of tensile stress development CiF may be varied in a systematic manner in order to 
investigate its effect on the determination of Fc. The work now described in this 
Chapter set out to address this issue by developing, for the first time, a means of 
varying the stressing rate in the B-P apparatus while keeping the same liquid sample 
in situ within the tube.
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Negative 
Pressure (bar)
research workers 
(year)
Type of water Techniques
100
Marston and Unger 
(1986)
Degassed, 
deionised water
Impact technique 
(pulse reflection)
87
Boteler and 
Sutherland (2004)
Triply distilled, 
deionised, 
deionised water
Impact technique 
(pulse reflection)
96
Williams eta l 
(2000)
Degassed, 
deionised water
B-P technique 
(pulse reflection)
260 Briggs (1950) Degassed water
Z shape- 
Centrifugal tube
175
Strube and 
Lauterbom (1970)
Degassed water Centrifugal tube
100
Henderson and 
Speedy (1980)
Distilled water
Pyrex glass 
Berthelot tube
46 Jones e ta l (1981) Degassed water
Steel Berthelot 
tube
200 Galloway (1954) Degassed water
Ultrasonic
stressing
160
Greenspan and 
Tschiegg (1967)
Degassed water
Ultrasonic
stressing
70 Willard (1953) Degassed water
Ultrasonic
stressing
240
Caupin and 
Herbert (2006)
Degassed water
Ultrasonic
stressing
Table 4.1 Tensile strength o f water obtained by different stressing (quasi-static to dynamic) techniques 
at room temperature
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4.3 Experimental and Results
The Effective Tensile Strength of Degassed, Deionised Water, Fc on 
Measurements Using the B-P Apparatus: Variation of Stressing Rate
The main feature of a typical pressure record obtained from a 603B transducer in an 
experiment on deionised water is shown in figure 4.1. In this experiment the length, 
L, of the liquid column was 0.95 m. The upward-travelling pressure wave generated 
by the bullet striking to the bottom piston is recorded as the pressure pulse denoted #1 
in figure 4.1. This pulse is subsequently reflected (as tension pulse) at the free surface 
of the liquid (due to the large difference in acoustic impedance, see figure 2.4, part a) 
and is recorded as the downward-travelling pulse (as a tension pulse) denoted #2 in 
figure 4.1. This tension pulse is eventually reflected from the face of the bottom 
piston and the overlapping of tension pulses increases the amplitude of tension locally 
(see figure 2.4, part b). If the liquid’s tensile strength is exceeded cavitation bubbles 
subsequently grow from the preexisting nuclei within the liquid. Eventually, these 
bubbles collapse, thereby compressing their contents (a mixture of non-condensable 
gas and vapour). Ultimately, the inward motion of the bubble walls is arrested by this 
compression and the bubble surface rebounds due to the cushioning effect, and 
emitting pressure wave into the liquid denoted #3 in figure 4.1 (Williams and 
Williams, 1999). We refer to cycle ‘1-2’ in figure 4.1 as the primary-tension cycle. 
Thereafter, the record comprises ‘secondary’ pressure-tension cycles (‘3-4’ and ‘5-6’, 
etc) which have been associated with cavitational activity.
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Figure 4.1 Pressure record showing the initial and reflected pulses produced by the piston (1-2) and the 
subsequent pressure-tension cycles (3-4), (5-6), (7-8) and etc generated by cavitational activity in 
experiments on water.
The present improved B-P apparatus described in Chapter 3 was used to produce 
cavitation in deionised water. The test sample of deionised water used in the 
experiments was obtained from a two-stage, reverse-osmosis, ion-exchange 
purification system (Elgastat Spectrum, Elga UK). The latter incorporates a carbon 
filter for organics, a ‘nuclear grade’ deionisation stage, and a final membrane filter 
(0.2pm).
Experiments were conducted at room temperature, 25 °C (±1 °C). The cleanliness of 
the B-P apparatus was ensured (see section 3.3) before the experiments. Fresh 
deionised water samples were used for each measurement and all the samples were 
subjected to vacuum (-1 bar) for 30 min before each experiment to ensure a consistent 
sample state. In the case of experiments performed under an applied static pressure, 
the sample was pressurized (using oxygen-free nitrogen) for a few seconds before 
measurement, to minimize any pressure-loading effects. The effective dynamic 
tension developed in a column of liquid is controlled by variation of applied static 
pressure in headspace above. For each transducer reading, a record was made of the
2
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time delay, rt , between the peak pressure (corresponding to #1 in figure 4.1) and the 
first pressure pulse arising from the cavitation bubble (corresponding to #3 in figure 
4.1); tv was then plotted as a function of Ps (absolute), as shown in figure 4.2 in a 
different series of stressing rate conditions of experiments (see section 3.5). In figure
4.2 shown that the higher the dynamic stressing rate water experienced, the longer 
time delays, rj , were obtained in each static pressure, hence led to the higher tensile 
strength, Fc of water.
It is important to note that although the pressure transducers employed do not record 
accurate absolute amplitudes of the dynamic tensions, they are capable of accurately 
recording their temporal development. It follows that by determination of Fc for 
various gaps, D, between the cosh and the piston (hence different stress development 
rates), a plot may be constructed of the pressure transducer responses to the primary 
pressure-tension cycle (peak ‘1-2’ in figure 4.1) relative to Fc, since the maximum 
tension (or minimum pressure) recorded by the transducers where cavitation occurs is 
Fc. This is shown in figure 4.3, in which it is evident that each record has a distinctly 
different characteristic rise-time.
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Figure 4.2: The time interval, , as a function o f applied static pressure (in p.s.i) with four different 
stressing rates subjected to deionised water at 25 °C.
In th ese  experim en ts, the s tressin g  rate w as varied  by  v ary in g  the gap  D  (3 .7  cm  < D 
<  4 .2  cm ), be tw een  the p iston  face and the cosh, w ith  sm allest gap  p ro d u c in g  the 
h ig h est s tressin g  rate assoc ia ted  w ith  the  co rresp o n d in g  pu lse  tran sm itted  in to  the 
liqu id . F o r each  value  o f  th e  gap D , Fc w as de term ined  in the m an n er desc rib ed  befo re  
(see sec tion  3.5, the m ethod  in v o lv in g  the app lica tion  o f  a reg u la ted  static  p ressure, 
Ps).
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In th e  reg ion  w h ere  tension  develops, the  m axim um  rate o f  s tress d ev e lo p m en t occu rs 
at the  m axim um  g rad ien t o f  P  (t) fo r P < 0 .  T his w as ca lcu la ted  from  th e  m ean  
m ax im um  g rad ien t from  g rad ien ts  taken  o v er the values o f  P ,  and co rresp o n d in g  
tim es /, fo r P  = 10 % P cav, 25 % Pcav, 75 % P cav and 90 % P cav,ie, th e  m ean g rad ien t from  
the  g rad ien t o f  10 % -90  % , 25 % -75 % , 10 % -75 %  and 25 % -90  %  (see figu re  4.4).
T his p ro ced u re  a llow s the  m ean  m axim um  stressing  rate to  be defined  as,
ClF f  dF f dP1 dPK dt y
m ax
^ d t j m ax dt m a x ,P < 0
T h e resu lts fo r ex p e rim en ts  at 25 °C on degassed , d e ion ised  w a te r at fo u r d iffe ren t 
v a lu es  o f  D  are show n in F igure 4.3. T hese  m easu rem en ts on degassed , d e io n ised  
w a te r at 25 °C fo r d iffe ren t ra tes o f  s tress in g  (0 .432  b a rp s '1 < Qp<  1.790 b a rp s '1) 
reveal a m arked  dep en d en ce  o f  Fc on ClF, w ith  Fc b e in g  s ign ifican tly  la rg e r at the 
h ig h er stressing  rates, som e 224 b ar ( n „  =  1.79 b a rp s '1) com pared  to 60 b a r at the 
lo w est s tressing  rate ( f i , =  0 .432  b a rp s '1). A  lin ear re la tionsh ip  is apparen t o v e r the 
s tressing  ra tes considered .
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Figure 4.3 'Primary' pressure-tension cycles for degassed, deionised water at 25 °C for four different 
gap widths D (Fc = 224 bar, D = 3-7 cm; Fc= 168 bar, D=3-9 cm; Fc= 110 bar, D = 4.0 cm; Fc-  60 
bar, D = 4-2 cm).
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Figure 4.4 Determination of t l F using a mean gradient approach from 'prim ary’ tension pulse (#2 in 
figure 4.1) for D=3.7 cm.
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4.4 Discussion
Table 4.2 is the overall summary results of the Fc as a function of stressing rate for 
degassed, deionised water at room temperature. These experiments, which are the first 
reported of their kind on degassed, deionised water, show that Fc is approximately 
four times larger at the higher stressing rates (a values of 224 bar at higher stressing 
rate of 1.790 barps'1, and a value of 60 bar at lower stressing rate of 0.432 harps'1). 
The different rates of stressing were achieved by varying the gap between the piston 
and the projecting face of the cattle stun gun, and determined from the knowledge of 
Fc which was obtained from a series of experiments involving the application of static 
pressures, and the gradient of the tension peak (see figure 4.4). From figure 4.3, it is 
clear that the higher the rate of dynamic stressing, Clp (i.e. the rate at which tension, or 
negative pressure, develops within the fluid), the higher the value of Fc is obtained 
(Overton and Trevena, 1982). The data in table 4.2 shows that the speed of the 
travelling pulse inside the liquid column remained approximately the same and close 
to the propagation of sound in liquid water, c (some 1435 ms'1) at all the different 
rates of dynamic stressing.
We recall that in previous cavitation works, involving both static and dynamic 
stressing, no single apparatus has been capable of producing consistent data at 
different rates of stressing rate. In the present work the different rates of stressing 
were achieved by varying the gap between the piston and the projecting face of the 
stun gun, and were calculated from a knowledge of Fc and the gradient of the tension 
pulse.
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Different gap 
distance 
(cm)
total mean 
stressing 
rate, ClF 
(harps'1)
total standard 
error stressing 
rate 
(barps'11
Instant 
time, r 0 
(ms)
Fc
(bar)
Velocity 
(m s1) 
(distance = 
143 cm)
3.7 1.790 0.033 0.98 224 1421.2(±11.2)
3.9 1.271 0.035 0.98 168 1420.1(±6.6)
4.0 0.806 0.033 0.99 110 1429.3(±9.5)
4.2 0.432 0.019 1.00 60 1427.0(±9.4)
Table 4.2 Fc as a function o f stressing rate for deionised water at 25 °C
300
250 -
f f i
200  -
150 -
100  -
50 -
2.01.6 1.80.2 0.4 0.6 0.8 1.0 1.2 1.40.0
Q f  / ( b a r / |u s )
Figure 4.5 Fc as a function of stressing rate on the water at 25 °C
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The results shown in figure 4.5 indicate that the values of Fc increase linearly with 
increased rate of stressing. This result reinforces a previous indication in dynamic 
stressing work (Overton and Trevena, 1982) which is that the breaking tension (i.e. 
effective tensile strength) of a liquid depends on the rate of stressing: a higher 
stressing rate leads to a higher breaking tension and vice versa. In addition, the 
present data can be used to estimate which the result would be obtained under quasi­
static conditions (such as in the Berthelot tube). The present data suggests that a value 
of approximately 12 bar would be obtained under such a low rate stressing conditions 
and it is noteworthy that this is in good agreement with the results of previously 
reported Berthelot tube work involving steel tubes (Trevena, 1987).
The data shown in figure 4.3 reveals that the maximum amplitude of the pressure 
pulse generated in the liquid water was approximately 250 bar, this pulse being 
subsequently converted to tension by reflection at the free surface, and the highest 
tension recorded was 224 bar (at 1.790 barps'1). It is believed that this is the highest 
experimental value of tensile strength of water ever reported in the B-P dynamic 
stressing method. If the stressing rate were to be increased further, it is likely that Fc 
would eventually reach a limiting or ‘plateau’ value which represents the maximum 
tension the deionised water can withstand under these experimental conditions 
(Couzen and Trevena, 1969 & 1974).
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4.5 Conclusion
When measure the value of the experimental breaking tension of a liquid, Fc, it is 
most important to realize that they pertain to the prevailing experimental conditions in 
the particular experiment. In cavitation work involving dynamic stressing it would 
seem that one of the most important factors is the stressing rate a liquid experiences: a 
higher stressing rate leads to a higher breaking tension and vice versa (Overton and 
Trevena, 1982). It is also suggested by Heyes (2008) that the faster the stretching 
process or the rate of stressing, the higher the negative stress that a liquid can be 
sustained before cavitation sets in, as liquid-vapour phases separation will ‘intervene’ 
at higher values along the isotherm (having less time to undergo this process). The 
present results reveal that under a range of rates of tensile stress development, 
samples of degassed, deionised water present markedly different values of effective 
tensile strength which range from ca. 60 bar to ca. 250 bar. These values span the 
range reported by different experimental results described in table 4.1, which involve 
various stressing techniques (quasi-static to dynamic), each of which may be assumed 
to produce a different characteristic rate of tensile stress development.
It is a significant feature of the present work that the results have been produced from 
a single technique, consisting of experiments conducted within the same apparatus in 
which the rate of stressing is deliberately varied. The results of such a study have not 
previously been reported. They clearly establish the importance of stressing rate in 
considerations of the effective tensile strength of liquids under conditions where 
heterogeneous nucleation prevails and emphasize that any attempt to reconcile the 
results of previous cavitation studies should take this factor into account.
It is interesting to note that differences in the tensile strength of glycerol measured in 
various dynamic stressing experiments have also been explained in terms of stressing 
rate (Trevena, 1982 & 1984). Carlson and Henry (1973) used the reflection principle 
to convert a pressure pulse into a tension pulse by a flexible Mylar membrane. From 
these series of experiments, they found the breaking tension of glycerol to be 600 bar 
whereas Bull (1956) using a B-P experiment, found a value of about 60 bar for the 
breaking tension of glycerol. In both experiments cavitation of the liquid is known to 
occur in the body of the liquid but the rate of stressing is some 104 times lower in the
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B-P experiment than in Carlson and Henry’s apparatus. In addition, differences in 
stressing rate appear to explain the apparent discrepancy between the results of static 
and (pulse) dynamic stressing experiments on liquid mercury. Briggs (1953) applied a 
static method (centrifugal tube) and was unable to generated static tensions greater 
than 425 bar, whereas, in subjecting this liquid to a tension pulse formed by reflection 
of a pressure pulse at a stretched Mylar film, Carlson (1975) found the tensile failure 
occurred at a tension of 19,000 bar, at a stressing of ca. 106 harps'1: with a lower 
stressing rate at 1 barps'1, Williams e ta l (1998) found a limit for Fc of ca 3,000 bar by 
using tube-arrest apparatus.
It is also noteworthy that the characteristic times of the pulses used herein correspond 
to those involved in some biomedical application of low frequency ultrasound in 
between a range from 20 kHz to 45 kHz (Rosenschein and Rassin, 1998); and the 
tensile strength of water reported here considerably exceeds the values of tension 
thought to be generated in vivo by some ultrasound devices. Thus our findings may 
have significance in the context of assessing the safety of ultrasound application in 
relation to its potential to induce cavitation (Williams etal, 1998).
The outcomes of the study reported in this Chapter also suggest that the new B-P 
technique might prove a useful research tool for engineering liquids such as motor 
lubricants which experience ranges of tensile stress development in the action of 
components such as dynamically loaded journal bearings. The operation of an engine 
involves different stressing rates so this is a potentially very important development. 
In order to assess the utility of the new B-P technique in such an application, further 
work was conducted in which the tensile strength of various engine oils was tested 
over a range of rates of tensile stress development. This is the first such study ever to 
be undertaken on these liquids. That work is now described in Chapter 5.
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5.1 Abstract
This chapter reports the effects of temperature, shear viscosity and the rate of stressing, 
Q, on measured values of the ‘effective’ tensile strength (or ‘cavitation threshold’), Fc, 
of commercial monograde and multi grade oils under dynamic stressing by tension pulses, 
this being a feature of the conditions experienced by a motor lubricant within a ‘divergent 
section’ of dynamically loaded journal bearing and the method used to estimate Fc avoids 
reliance on direct measurements of substantial dynamic tensions using conventional 
pressure transducers.
Two monograde oils (designated grade API CC), 10W and 40 Diesel, and two multigrade 
oils (designated grade API CF), 10W40 and 15W40 were tested in this work. Results are 
reported for B-P experiments involving a range of stressing rates, from 0.6 barps’1 to 1.4 
barps'1 for these commercial oils over the temperature range 25 °C < T < 110 °C which 
are representative of those encountered under their normal operating conditions. These 
experiments, which are the first of their kind to be reported, indicate that at any given 
temperature, Fc increases with increasing stressing rate (157 bar < Fc < 220 bar at 25 °C 
and, 130 bar < Fc < 157 bar at 110 °C for the 10W oil; 172 bar < Fc < 223 bar at 25 °C 
and, 146 bar < Fc < 172 bar at 110 °C for 40 Diesel oil; 175 bar < Fc < 200 bar at 25 °C 
and 152 bar < Fc< 171 bar at 110 °C for 10W-40 Diesel oil; 172 bar < Fc< 212 bar at 25 
°C and, 156 bar < Fc < 174 bar at 110 °C for the 15W-40 Diesel oil).
These results provide evidence to substantiate the claim (made by previous workers -  
Trevena, 1987) that the rate of dynamic stressing is an important consideration in 
understanding the cavitation properties of liquids. The experiments also indicate that in 
addition to shear viscosity and temperature, the stressing rate, Q, may be an important 
consideration when evaluating a lubricant’s cavitation performance. This chapter also 
reports complementary experiments to determine the effect of polyacrylamide, PAA 
additives on the effective tensile strength, Fc of deionised water.
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5.2 Introduction 
Cavitation in Bearings
In 1886 Osborne Reynolds published his classic paper on the mechanism of 
hydrodynamic pressure generation in lubricating films. In this paper, he pointed out the 
possible influence of cavitation on bearing behaviour. The formation of cavities and their 
disposition affects the pressure generated in a continuous thin film and hence quantities 
such as the load capacity of bearings.
The behaviour of lubricating films in bearings has been studied extensively and a 
comprehensive account has been given by Taylor (1974) and Dowson and Taylor (1975, 
1979). They review various boundary conditions that are applicable to the cavitation 
region. Under conditions of slow vicious flow a wedge-shaped lubricant film with a slight 
convergence in the direction of motion is found essential if load-supporting pressures are 
to be generated in the lubricant. This concept - the ‘physical wedge’ - is the essence of 
hydrodynamic lubrication theory. Many machine elements, however, present to the 
lubricating film not only a converging form but also a divergent section (as depicted in 
figure 5.1). Such machine elements include journal bearings, gears, rolling-element 
bearings, and some thrust bearings. In the divergent clearance space, the lubricant 
subjects to negative pressure due to the separation of the bearing surfaces changes with 
time and eventually give rise to the forms of cavitation.
The principal forms of cavitation in lubricating films are gaseous and vapourous 
cavitation. Gaseous cavitation may arise as the pressure of the lubricant falls below the 
saturated pressure of the dissolved gases, at which stages these gases emerge from 
solution. This type of cavitation is not generally associated with any erosion or damage 
effect but is an essential contribution to load bearing capacity. Vaporous cavitation 
occurs if the pressure in the lubricant further falls to its vapour pressure, resulting in 
(predominantly) vapour-filled cavities which may grow, collapse and rebound violently. 
It is the dynamics of these bubbles which are associated with the production of shock 
waves and high speed jets -  factors implicated in cavitation erosion or ‘pitting’ (refer to
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Figure 5.1 Positive and negative pressure experienced by continuous, incompressible lubricating fluid flow
through a journal bearing (from Dowson and Taylor, 1979).
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section 1.4.4). Vapourous cavitation is the principal subject of the present Chapter of this 
Thesis.
Cavitation in fluid-film bearings does not necessarily have a deleterious effect upon 
bearing loading-carrying capacity. If the lubricant film does not rupture then the force 
component normal to the surface motion, or load capacity will be zero since the 
convergent and divergent portions of the film will make equal and opposite contributions. 
However, when negative pressure in the lubricant exceeds its cavitation threshold, Fc, the 
lubricant ruptures (or ‘cavitates’) at the divergent section (see figure 5.1), and there will 
be a net force component normal to the surfaces due to the anti-symmetrical pressure 
distribution in the lubricant. Hence it may be seen that the load-carrying capacity results 
from the occurrence of film rupture (Dowson and Taylor, 1979). Cavitation effects in 
lubrication are also crucial to the stability characteristics of submerged journal bearings 
and the absence of cavitation can lead to bearing failure (Li et al, 2000 and Sawicki et al, 
2004). Therefore, the effective tensile strength, Fc of engine oil is an important 
consideration in the assessment of flow boundary conditions within fluid film bearing, 
their loading bearing capacity, and the cavitation damage potential of liquids.
During the flow of an oil within a dynamically loaded journal bearing, the lubricants are 
exposed to a wide range of temperature, pressure and dynamic stressing conditions. Of 
particular importance in an automobile context is the ability to perform satisfactorily at 
the low temperature pumpability at ‘cold-starting’ (by reducing the time it takes to pump 
oil to critical parts of the engine at such a condition hence able to significantly reduce 
wear), as well as the relatively high temperature encountered in normal ‘hot-running’. 
The viscosity of a lubricant decreases significantly with increasing temperature and the 
ideal lubricant must therefore have a sufficiently low viscosity at low temperature to 
assist cold starting; and high enough viscosity at normal operating temperatures to 
support the relevant loads. An essential requirement is therefore a relatively ‘flat’ 
viscosity-temperature relationship. One way of producing such a lubricant is to add to a 
mineral oil a small percentage of ‘viscosity-index’ (VI) improver, in the form of oil- 
soluble long-chain polymers. These ‘multigrade’ oils satisfy the viscosity requirements of
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one Society of Automotive Engineers (SAE) grade at low temperatures, and another SAE 
grade at high temperature (Williamson et al, 1997).
Cavitation in lubrication has a huge potential to cause damage to solid surfaces due to the 
production of shock wave and liquid jets from the asymmetrical cavitation bubbles 
(Dugdale and Wall, 1965; Shima et al, 1983; Tomita and Shima, 1986; Trevena, 1987). 
One of the large-unsolved questions in fluids engineering concerns the effects of 
viscoelasticity on cavitation performance involving the additional polymer package, in 
order to improve energy efficiency and have also been associated with some mitigating 
effects of viscoelasticity on cavitation (Shima et al, 1985; Berker et al, 1995). The role of 
fluid elasticity in modifying the collapse of cavities may reduce their cavitation damage 
potential by reducing the amplitude of the shock waves associated with the rebound of 
cavities and the interaction of shocks with cavities can produce the local high pressure. 
Since the high-speed liquid jet is formed due to the asymmetry of collapse as a result of a 
pressure gradient across the cavity, so special polymer additives in the lubricant may 
reduce the non-sphericity of cavities in shear shields, thereby reducing the tendency for 
the liquid jet formation -  the pressure developed in this case can be an order of 
magnitude lower than for non-spherical bubbles (Chahine and Bovis, 1981; Kezios and 
Schowalter, 1986). In addition, Williams et al (1998) using an improved T-A experiment 
(see section 1.5.2.1) demonstrated that the suppression of the liquid jet is due to an 
increased resistance to elongational flow conferred upon the liquid by the polymer 
additive hence reduce cavitation damage. Therefore, the non-Newtonian rheological 
properties conferred upon lubricants by polymer additives might have a mitigating effect 
on a potentially damaging cavitation-related mechanism (Barrow et al, 2004).
Although the precise mechanisms underlying any such effects remain unresolved, they 
may involve the influence of polymer additives on the maximum tension which the liquid 
can withstand before rupture (its cavitation threshold, or effective tensile strength Fc) 
(Williams and Williams, 2002). Under conditions of dynamics stressing by tension (such 
as occurs in dynamically-loaded journal bearings) there is evidence that the presence of 
polymer can lower the cavitation threshold. Such a result was reported by Sedgewick and 
Trevena (1978) for experiments involving the stressing of water containing
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polyacrylamide additives by the ‘bullet-piston’ reflection method. That work 
demonstrated that the presence of the polymer additives leads to a reduction in the tensile 
strength; the greater the concentration of the polymer the greater is this reduction in the 
tensile strength. They claimed that due to the long polymer molecules ‘crowd together’ at 
a point to form a nucleus on which cavitation could set in and such a possibility is more 
likely to occur in the more polymer added solution. However, the same solutions 
investigated using T-A dynamics stressing technique, the tensile strength increased by the 
same polymer addition (Overton et al, 1984), and when subjected to quasi-static stressing 
in the Berthelot tube, the presence of polymer additives in the water makes no discernible 
difference to the effective tensile strength of the liquid obtained (Sedgewick and Trevena, 
1978).
In this chapter, results are reported for B-P experiments involving a range of stressing 
rates (0-40 barps'1 < Q, < 1.60 barps'1) for two different commercial multigrade oils 
(10w-40 oils; API CF, and 15W-40 oil; API CF) and two commercial monograde oils 
(API CC), 10W and 40, over the temperature range 25 °C < T < 110 °C. For the first 
time, the rate of stress development and the temperature of the oil are considered in 
relation to their influence on Fc. An important motivation in the present work is the fact 
that no single technique has previously been established as a reliable means of measuring 
tensile strength of various commercial motor lubricants under conditions of engineering 
relevance.
5.3 Experimental Techniques
The B-P apparatus used in the present work is essentially that described in chapter three. 
Measurements were conducted by the dynamic stressing technique described in chapter 
four, using a pulse of tension (‘negative pressure’) created by the reflection of a pressure 
pulse at a boundary, but the present experiments involved a wide range of temperatures, 
T, 25 °C < T < 110 °C, which there is a paucity of data concerning the temperature 
dependence of Fc under appropriate conditions of dynamic stressing especially in the case 
of engineering fluid such as motor lubricants.
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The duration of the pressure (or tension) pulses is typically 200-500 ps, with a rise time 
to peak amplitude of 50-100 ps. The characteristic time of the pulse is an important 
feature of the B-P techniques in terms of its relevance to lubrication phenomena. Within a 
dynamically loaded journal bearing, for example, at typical engine speeds between 2000 
and 6000 rpm, the characteristic times of rate of tensile stress development in oils within 
the engine bearings are commensurate with the times scale of stressing associated with 
the action of the present B-P apparatus.
In the present work, dynamic stressing experiments were conducted on commercial 
samples of two monograde oils (API CC), 10W and 40 Diesel, and two multigrade oils 
(API CF), 10W40 Diesel and 15W40 Diesel. In each experiment, the free surface was 
0.95 m above the face of the piston at the base of the liquid column. All the samples were 
subjected to vacuum (-1 bar) for 40 min before each experiment to ensure a consistent 
sample state. In the case of experiments performed under an applied static pressure, the 
sample was pressurized (using oxygen-free nitrogen) for a few seconds before 
measurement, to minimize any pressure-loading effects. The effective dynamic tension 
developed in a column of liquid was controlled by variation of applied static pressure in 
headspace above.
In these experiments, the stressing rate was varied by varying the gap D (3.7 cm < D <
4.2 cm), between the piston face and the cosh, with smallest gap producing the highest 
stressing rate associated with the corresponding pulse transmitted into the liquid. For 
each value of D, Fc was determined in the manner described before (see section 3.5). The 
shear viscosity of the liquids was measured using an ARES controlled-strain rheometer 
(Rheometric Sci., USA) fitted with a cone-and-plate geometry.
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5.4 The Dependence of Fc on Temperature
In the present B-P apparatus, the measurements of Fc of various engine oils were made 
over the range from 25 °C < T < 110 °C. It is useful to recall here that, under tension, 
cavitation bubbles grow from preexisting nuclei within the liquid and eventually collapse 
and rebound, emitting a pressure wave into the liquid as they do so. Hence the time 
delay, t . which encompasses the attainment of maximum cavity radius and subsequent 
decreases to a minimum value, is reduced by increasing Ps, ri therefore provides a 
convenient measure of cavitation activity.
The ‘prime’ pressure-tension cycles for 10W-40 Diesel oil obtained in experiments at two 
temperatures of 25 °C and 110 °C are shown in figure 5.2. The time delay r0 represents
the time required for the upward travelling pressure wave to return, as tension, to the 
lower transducer’s location, which its speed of the pulse decreases with increasing the 
temperature ( r  ,, »  r „ ). The overall results of measured variation of tensile
^  v 0,110V 0.25  c
strength and its viscosity with temperature for the test oils is reported in table 5.1 to 5.4 
and shown graphically in figure 5.3. The estimated uncertainty in the determination of the 
effective tensile strength of the samples is ± 5 % in each case.
The monograde and multigrade oils are all capable of sustaining a substantial transient 
tension, in excess of 150 bar, over the range of temperatures employed. The commercial 
samples of two monograde and multigrade engine oils were studied experimentally to 
assess the effect of polymer additives. It is interesting to note that the tensile strengths of 
the 10W-40 Diesel multigrade oils were found to be comparable to the 10W oil Fc at 25 
°C and tending towards the 40 Diesel oil Fc value at 110 °C, indicating that their 
formulation encompasses 10W oil behaviour at low temperature whilst tending 40 Diesel 
oil behaviour at high temperatures. In another words, the multigrade oils consisting of 
two SAE grades at low and high temperatures due to the polymeric effect. In addition, the 
Fc of the 15W-40 Diesel multigrade oils were found slightly higher than Fc of 10W-40 
multi grade oils at 25 °C and almost similar value of Fc at 110 °C.
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In these experiments, the constant gap between the piston and the projecting face of the 
cattle stun gun was 3.9 cm. It should be noted that these values are higher than those 
previously reported (Williams and Williams, 2003 & 2005) due to the higher rate of 
stressing employed in the current work. It is expected that higher the rate of dynamic 
stressing, Q, the higher the value of Fc obtained (refer to chapter four).
T/°C Fc (10W; API CC) (bar) Viscosity (Pa s)
25 185.2 0.054
50 166.0 0.008
70 156.0 0.003
90 152.0 0.002
100 152.4 0.001
110 150.0 0.001
Table 5.1: Tensile strength and viscosity data for 10W monograde oil at various temperature under 
dynamic stressing with width gap D = 3.9 cm
T/°C Fc (40D; API CC) (bar) Viscosity (Pa s)
25 210.0 0.203
50 195.0 0.049
70 185.0 0.015
90 170.0 0.010
100 168.0 0.007
110 165.0 0.006
Table 5.2: Tensile strength and viscosity data for 40 Diesel monograde oil at various temperature under 
dynamic stressing with width gap D = 3.9 cm
89
Chapter 5
T/°C Fc (10W-40D; API CF) (bar) Viscosity (Pa s)
25 191.0 0.092
50 185.3 0.027
70 179.0 0.013
90 170.0 0.007
100 171.0 0.005
110 170.0 0.004
Table 5.3: Tensile strength and viscosity data for 10W-40 Diesel multigrade oil at various temperature 
under dynamic stressing with width gap D = 3.9 cm
T/°C Fc (15W-40D; API CF) (bar) Viscosity (Pa s)
25 201.6 0.136
50 184.3 0.026
70 181.6 0.012
90 173.5 0.006
100 172.5 0.005
110 171.5 0.004
Table 5.4: Tensile strength and viscosity data for 15W-40 Diesel multigrade oil at various temperature 
under dynamic stressing with width gap D = 3.9 cm
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5.5 The Dependence of Fc on Shear Viscosity, //
Very few studies of the dependence of Fc on shear viscosity, ju have been conducted but, 
among the work reported, pulse reflection methods have figured prominently, the B-P 
experiment being the most widely employed. Bull (1956), Couzen and Trevena (1974) 
reported that their results be represented by an expression of the form Fc a  //", the 
value of n being 0.2 in the former study, whereas the latter workers reported a value of 
0.056.
The relationship form Fc a  //"obtained by Bull (1956) in the pulse reflection work on 
samples of water, olive oil, glycerol and syrup has been attributed as due more to a 
coincidental distribution of nuclei in these different liquids than to other, more basic 
features of cavitation. Williams and Williams (2002) used a version of the present 
improved B-P method on a range of Newtonian silicone oils (Dow Coming 200 series, 
BDH Chemicals, UK) of different shear viscosities (1, 50, 100 and 350 cS). Their results 
may be represented by an expression of the form Fc a  //", where n = 0.09 ( ± 0.005) a 
finding corresponding more closely to that (// = 0.056) reported by Couzen and Trevena 
(1974) for silicone oils, in similar viscosity range. It is noteworthy that both involved a 
series of silicone oils with a range of viscosities, rather than a range of different fluids, 
with different viscosities, as in the work of Bull (1956).
Carlson and Levine (1975) reported a power-law relationship for samples of glycerol 
whose viscosity was varied by changing the test temperature, the value of n found in their 
work being 0.3. In the present B-P experiments, where both similar measurements of Fc 
are based the reflection principle was used to convert a pressure pulse into a tension pulse 
and in which the liquid’s viscosity was varied by changing its temperature (as in the case 
of the present work involving different types of engine oils), the measured variation of 
tensile strength, Fc with temperature for the test oils is reported in table 5.1 to 5.4 and 
figure 5.3, and the viscosity measurements at each temperature (25 °C <T < 110 °C) 
were made using the Rheometrics Scientific (USA) ARES rheometer with a cone and 
plate geometry are shown in figure 5.4.
93
Chapter 5
In figure 5.4 shows the shear viscosity as a function of temperature for monograde (10W, 
40 Diesel) and multi grade (10W-40 Diesel, 15W-40 Diesel) oils. The relationship of 
temperature / viscosity improvement is vital physical parameter to a lubricant where at 
low temperature is thin enough to flow, at high temperature is thick enough to protect the 
engine bearings. Fc as a function of viscosity for four engine oils for constant gap, 3.9 cm 
widths D, the results may be represented by an expression of the form Fc a fin, where n 
= 0.054 and n = 0.07 for monograde oils of 10W and 40 Diesel respectively; n = 0.048 
and n = 0.045 for multigrade oils for 10W-40 Diesel and 15W-40 Diesel respectively 
(refer to figure 5.5). Surprisingly, the value of n found in the multigrade oils were slightly 
lower than monograde oils, it indicates that the Fc (/u) of multigrade oils are less 
dependent on temperature due to the effects of polymer additives. The difference in n 
value for the engine oils studied may reflect differences in formulation in terms of the 
type of polymer additives and their relative concentrations in oil treatments.
All n found in present work are closed to n obtained by Couzen and Trevena (1974) and 
Williams and Williams (2002) which involved the same dynamic stressing. However, the 
values of n obtained by Carlson and Levine (1975) is much greater than the present work, 
it may be due to the rate of tensile stress development used before is approximately 104 
times higher than the present work. In figure 5.6 and figure 5.7 indicate that n is 
dependent on the stressing rate, Q, where the higher the rate of stressing the liquid 
experienced, the higher the n is obtained. Figure 5.8 is a semi-logarithmic plot of the 
tensile strength, Fc, of four engine oils (10W, 40 Diesel, 10W-40 Diesel and 15W-40 
Diesel) against shear viscosity, / / ,  where its viscosities decrease with increasing the 
temperature (25 °C < T < 110 °C). Figure 5.9 shows that the velocity of the travelling 
pulse within the test sample generated by the piston, decreases as temperature increasing. 
Therefore, the expanded series of ‘prime’ pressure-tension records obtained from 
different temperatures of experiments (25 °C < T < 110 °C) with the constant gap, D = 
3.9 cm in figure 5.10 shows that as the temperature increases, the speed of the pulses 
decreases (time delay, r0 increases) due to the decrease in its viscosity, //.
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5.6 The Dependence of F c on Stressing Rate, Q,
In dynamically loaded journal bearings, one of the most important factors that affects Fc 
of lubricant is rate of stressing, Q, . In the combination effects of temperature change and 
the rate of dynamic stressing [rotating a shaft in an eccentric journal bearing at velocities 
change from 209 to 628 rads'1 (2000 to 6000 rpm)] are important consideration in 
understanding the cavitation properties and performance of engine oils (Braun and 
Hendricks, 1982). Therefore, this experimental method was employed to study Fc ( C1F), 
over the temperature ranges 25 °C < T < 110 °C.
In figure 5.11 and 5.13 have shown that the expanded series of ‘prime’ pressure-tension 
cycle at 25 °C and 110 °C individually records for 10W-40 Diesel oil with four gap 
widths D, it indicate that at a given temperature, Fc increases with increasing stressing 
rate. In the region where tension develops, the maximum rate of stress development 
occurs at the maximum gradient of P  (t) for P  < 0. This was calculated from the mean 
maximum gradient from gradients taken over a range of values of P ,  and corresponding 
time t, it was the same procedures of calculations the rates of stressing, Q, on water 
experienced in chapter four. In figure 5.12 and 5.14 have shown that the time delay, r. as 
a function of applied static pressure Ps (in p.s.i) for SAE 10W-40 Diesel oil at 25 °C and 
110 °C individually with two different gap widths D = 3.7 cm and 4.2 cm. The results are 
shown in figure 5.15 to 5.18. These measurements indicate that, at any given temperature, 
Fc increases with increasing Q, (10W: 157 bar < Fc < 220 bar for stressing rates 0.870 
barps'1 < Q, < 1.370 barps'1 at 25 °C and, 130 bar < Fc < 157 bar for stressing rates 
0.665 barps'1 < Q, < 0.860 barps'1 at 110 °C ; 40 Diesel : 172 bar < Fc < 223 bar for 
stressing rates 0.918 barps'1 < Q, < 1.356 barps'1 at 25 °C and, 146 bar < Fc <172 bar 
for stressing rates 0.706 barps'1 < Q, -  0-917 barps'1 at 110 °C); 10W-40 Diesel : 175 
bar < Fc < 200 bar for stressing rates 1.03 barps'1 < Q, < 1.264 barps'1 at 25 °C, 152 
bar < Fc < 171 bar for stressing rates 0.787 barps'1 < Q, < 0.950 barps'1 at 110 °C); 
15W-40 Diesel : 172 bar < Fc < 212 bar for stressing rates 0.965 barps'1 < Q, < 1.356
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barps'1 at 25 °C, 156 bar < Fc < 174 bar for stressing rates 0.840 barps'1 < Q, < 0.970 
barps'1 at 110 °C).
The overall results for 10W and 40 Diesel monograde oils and 10W-40 Diesel and 15W- 
40 Diesel multigrade oils is shown in figure 5.19 indicates that Fc depends on stressing 
rate, Q, for over the temperature range 25 °C < T < 110 °C. These results indicate that 
stressing rate has marked effect on Fc at any given temperature.
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5.7 The Influence of the Polymer Concentration on the Fc
The study of cavitation in water has been carried out more than 200 years and vast 
amount of literature on the subject exists but very little information is available to show 
how the addition of water soluble polymers to water influence the onset of cavitation and 
its tensile strength, Fc. The multigrade oils are made viscoelastic by polymer additives 
(monograde oil or so called base stock plus small percentage amounts of polymer from 
0.05 to 2.0 wt%) to improve their performance over the wide range of operating 
conditions which are encountered within automotive engines (Williamson et al, 1997). 
Therefore, the viscoelastic effect of polymer additives on lubricant performance in 
dynamic journal bearings has been a topic of considerable interest.
A recent study of the effects of polymer additives on flow in dynamically loaded journal 
bearings has included that their role in reducing wear does not arise from enhanced oil 
film thickness but may be associated with some ‘mitigating effects’ of viscoelasticity on 
cavitation (Berker A et al, 1995). Latter, an improved ‘tube-arresf experiment used to 
study liquid jet production by bubble collapse under cavitation-generated shock waves 
and the influence of polymer additives on their development, the commercial multigrade 
oils are found to exhibit significantly larger resistance to extensional flow than their 
Newtonian counterparts, which the results provide evidence in support of a mitigating 
effect of viscoelasticity on cavitation (Williams et al, 1997; Brown and Williams, 2000; 
Barrow et al, 2004).
The two mono grade oils (essentially Newtonian) and the multigrade engine oils (non- 
Newtonian) were studied experimentally to assess the effect of polymer additives. A 
further series of experiments was conducted to study the effect, if any, of polymer 
concentration, polyacrylamide, PAA (Magnafloc LT20) alone on the tensile strength, Fc, 
in deionised water under dynamics stressing by tension at room temperature. In these 
experiments the B-P apparatus was set to operate with a constant gap, D = 4.1 cm which 
in between the piston and the projecting face of the cattle stun gun.
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Figure 5.20 shows the results for Fc for deionised water (at different stressing rates, 0-43 
barps'1 < Q, < 1-79 barps"1, refer to chapter 4) and aqueous polyacrylamide, PAA, 
solutions (non-Newtonian), using the improved B-P apparatus. The results clearly 
indicate that the effective tensile strength of the polymer solution increases with 
increasing concentration of the polymer (0.10 wt% < C < 0.80 wt %).
The tensile strength of 0.80 wt% polymer solution was 230 bar under same dynamic 
stressing condition with constant gap, D = 4.1 cm where it is closed to the tensile strength 
of degassed, deionised water with constant gap, D = 3.7 cm. These results shown the 
presence of the polymer additives leads to the increments in the tensile strength; the more 
polymer present in the deionised water the greater the increments in the tensile strength, 
however, these results were found in contrast to the experimental results obtained by 
Sedgewick and Trevena (1978).
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5.8 Conclusion
This chapter describes a technique in which motor lubricants (or perhaps other common 
engineering liquids) may be subjected to a range of rates of dynamic stressing by pulses 
of tension, at temperatures representative of those encountered in their normal operating 
environment. It is important to note that the present work does not represent an attempt to 
recreate the complicated flow field experienced by a lubricant within a bearing, this being 
a mixture of shear and extensional flow (Gupta and Chan, 1990); rather, it is concerned 
solely with isolating, for separated detailed study, the effects (nonetheless important) of 
subjecting a liquid to a pressure-tension cycle (which is also a feature experienced by a 
lubricant during its passage through a bearing) (Williams and Williams, 2005).
These results indicate that the effects of temperature, shear viscosity and the rate of 
dynamic stressing are important considerations in understanding the cavitation properties. 
It is therefore possible that, in the absence of nuclei, that the lubricants studied herein 
may be substantially resistant to (vapourous) cavitation at high stressing rates, even at 
high temperatures, this may have serious consequences in terms of the load-carrying 
capacity of fluid-film bearings, given the stabilizing influence of cavitation on journals 
(Li et al, 2000 ; Brindley et al, 1983).
Also reported are values of Fc for degassed samples of several commercial monograde 
and multigrade oils which are the first of their kind to be reported for these lubricants at 
elevated temperature and also different rates of dynamic stressing. The results for 10W, 
40 Diesel, 10W-40 Diesel and 15W-40 Diesel oils indicate that temperature, shear 
viscosity and stressing rate have a marked effect on Fc. It is significant that in the present 
work, results have been produced from a single technique, consisting of experiments 
conducted within the same apparatus in which the rate of stressing is deliberated varied. 
The results of such a study have not previously been reported. They clearly establish the 
importance of stressing rate in considerations of the effective tensile strength of liquids 
under conditions where heterogeneous nucleation prevails, and in assessing the cavitation 
performance of lubricants.
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This chapter also shown that the effect of polymer additives on the effective tensile 
strength of deionised water, which increase the polymer in the deionised water, lead to 
increase the effective tensile strength of the solution. The results obtained suggested that 
further experiments should now be conducted using this technique in order to study the 
effect of the presence of dissolved (permanent) gases in the cavitation of motor lubricants 
under dynamic stressing by pulses of tension.
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T em p, gap Fcl bar
stressing rate 
/ barps' 1
standard error 
/ barps' 1
instant 
time /ms
Velocity /ms' 1
25 °C, 3.7 cm 220.0 1.373 0.010 0.979 1389.0 (±11.9)
25 °C, 3.9 cm 185.2 1.062 0.026 1.000 1391.5 (±10.0)
25 °C, 4.1 cm 172.6 0.970 0.023 0.980 1396.2 (±39.2)
25 °C, 4.2 cm 156.7 0.876 0.020 0.985 1419.0 (±12.0)
50 °C, 3.7 cm 181.5 1.053 0.018 1.089 1318.5 (±19.2)
50 °C, 3.9 cm 166.0 0.919 0.017 1.090 1309.4 (±24.6)
50 °C, 4.1 cm 155.0 0.835 0.029 1.080 1317.7 (±28.6)
50 °C, 4.2 cm 142.8 0.736 0.016 1.083 1306.6 (±34.6)
70 °C, 3.7 cm 169.0 0.934 0.023 1.180 1217.8 (±14.3)
70 °C, 3.9 cm 156.0 0.844 0.032 1.166 1229.0 (±21.0)
70 °C, 4.1 cm 147.0 0.780 0.023 1.170 1210.0 (±9.40)
70 °C, 4.2 cm 137.0 0.717 0.016 1.130 1235.7 (±33.0)
90 °C, 3.7 cm 163.0 0.891 0.019 1.303 1100.0 (±12 .0)
90 °C, 3.9 cm 152.0 0.807 0.012 1.300 1109.7 (±17.6)
90 °C, 4.1 cm 142.1 0.730 0.020 1.297 1103.4 (±5.80)
90 °C, 4.2 cm 133.6 0.693 0.033 1.292 1098.2 (±25.3)
100 T ,  3.7 cm 162.4 0.894 0.014 1.345 1053.4 (±19.3)
100 °C, 3.9 cm 152.4 0.790 0.015 1.364 1072.7 (±25.2)
100 °C, 4.1 cm 137.3 0.713 0.009 1.345 1060.8 (±23.8)
100 T ,  4.2 cm 130.0 0.649 0.019 1.330 1082.0 (±19.0)
110°C, 3.7 cm 156.6 0.860 0.024 1.403 1024.2 (±12.5)
110°C, 3.9 cm 150.0 0.800 0.027 1.405 1019.5 (±2.40)
110 °C, 4.1 cm 137.0 0.692 0.019 1.404 1022.5 (±26.0)
110 °C, 4.2 cm 130.0 0.665 0.001 1.393 1021.0 (±3.20)
Table 5.5 Tensile strength data for 10W; API CC at various temperature and rate of dynamic stressing.
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Temp , gap Fc / bar
stressing rate 
/ barps ' 1
standard error / 
barps ' 1
instant 
time /ms
Velocity /ms' 1
25 °C, 3.7 cm 223.0 1.356 0.026 0.997 1437.0 (±43.0)
25 °C, 3.9 cm 210.0 1.240 0.020 0.995 1440.8 (±53.0)
25 °C, 4.1 cm 184.0 1.030 0.020 0.998 1437.0 (±53.0)
25 °C, 4.2 cm 172.0 0.918 0.031 1.003 1430.0 (±53.0)
50 °C, 3.7 cm 203.0 1.180 0.027 1.077 1330.0 (±28.0)
50 °C, 3.9 cm 195.0 1.122 0.020 1.076 1330.6 (±28.0)
50 °C, 4.1 cm 175.0 0.950 0.027 1.070 1339.0 (±29.0)
50 °C, 4.2 cm 165.0 0.862 0.020 1.091 1313.0 (±38.0)
70 °C, 3.7 cm 184.0 1.031 0.020 1.180 1221.8 (±1.7)
70 °C, 3.9 cm 178.0 0.973 0.021 1.177 1214.9 (±4.0)
70 °C, 4.1 cm 168.0 0.893 0.016 1.185 1207.0 (±11.0)
70 °C, 4.2 cm 158.0 0.810 0.009 1.189 1206.5 (±50.0)
90 °C, 3.7 cm 177.0 0.960 0.019 1.299 1100.6 (±2 .0)
90 °C, 3.9 cm 170.0 0.900 0.022 1.306 1096.0 (±19.0)
90 °C, 4.1 cm 160.0 0.832 0.025 1.308 1094.0 (±16.0)
90 °C, 4.2 cm 148.0 0.717 0.017 1.300 1100.0 (±0 .0)
100 °C, 3.7 cm 177.0 0.960 0.016 1.350 1061.9 (±37.3)
100 °C, 3.9 cm 168.0 0.885 0.024 1.349 1061.6 (±30.0)
100 °C, 4.1 cm 155.0 0.791 0.021 1.365 1050.5 (±39.0)
100 °C, 4.2 cm 145.0 0.704 0.019 1.355 1059.1 (±46.0)
110 °C, 3.7 cm 172.0 0.917 0.016 1.362 1053.6 (±44.4)
110 °C, 3.9 cm 165.0 0.863 0.016 1.353 1058.4 (±30.4)
110 °C, 4.1 cm 150.6 0.744 0.015 1.391 1030.5 (±37.2)
110 °C, 4.2 cm 146.0 0.706 0.016 1.377 1042.2 (±43.4)
Table 5.6 Tensile strength data for 40 Diesel; API CC at various temperature and rate of dynamic stressing.
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Temp , gap Fc / bar
stressing rate 
/ barps' 1
standard error 
/ barps ' 1
instant 
time /ms
Velocity /ms' 1
25 °C, 3.7 cm 200.0 1.264 0.017 1.055 1470.0 (±21.0)
25 °C, 3.9 cm 188.0 1.143 0.019 1.029 1472.0 (±40.0)
25 °C, 4.1 cm 183.0 1.106 0.015 1.020 1462.0 (±06.3)
25 °C, 4.2 cm 175.0 1.029 0.024 1.066 1454.0 (±62.0)
50 °C, 3.7 cm 196.0 1.238 0.013 1.130 1337.1 (±22.6)
50 °C, 3.9 cm 185.3 1.136 0.015 1.136 1332.5 (±07.4)
50 °C, 4.1 cm 179.0 1.059 0.011 1.143 1300.9 (±80.5)
50 °C, 4.2 cm 167.0 0.930 0.008 1.109 1342.2 (±11.5)
70 °C, 3.7 cm 183.4 1.113 0.014 1.233 1218.1 (±04.8)
70 °C, 3.9 cm 179.0 1.065 0.022 1.244 1215.3 (±06.9)
70 °C, 4.1 cm 170.0 0.970 0.011 1.235 1216.2 (±06.3)
70 °C, 4.2 cm 165.0 0.903 0.007 1.233 1214.5 (±07.8)
90 °C, 3.7 cm 178.0 1.034 0.018 1.324 1101.5 (±06.1)
90 °C, 3.9 cm 170.0 0.963 0.010 1.346 1076.7 (±51.7)
90 °C, 4.1 cm 162.0 0.880 0.009 1.311 1099.0 (±2.06)
90 °C, 4.2 cm 158.0 0.847 0.007 1.332 1110.5 (±28.4)
100 °C, 3.7 cm 172.0 0.980 0.009 1.402 1007.4 (±02.0)
100 °C, 3.9 cm 163.0 0.866 0.014 1.420 1015.1 (±12.5)
100 °C, 4.1 cm 157.0 0.810 0.010 1.404 1020.9 (±34.3)
100 °C, 4.2 cm 154.0 0.783 0.011 1.422 1008.3 (±03.4)
110 °C, 3.7 cm 171.0 0.950 0.017 1.433 1008.3 (±04.6)
110 °C, 3.9 cm 165.0 0.884 0.010 1.440 1013.9 (±05.1)
110 °C, 4.1 cm 153.0 0.784 0.008 1.431 1012.2 (±05.0)
110 °C, 4.2 cm 152.0 0.787 0.008 1.435 1007.3 (±04.3)
Table 5.7 Tensile strength data for 10W-40 Diesel; API CF at various temperature and rate of dynamic stressing.
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Tem p, gap Fct bar
stressing rate 
/ barps'1
standard error 
/ barps'1
instant 
time /ms
Velocity /ms'1
25 °C, 3.7 cm 212.0 1.356 0.018 1.035 1382.0 (±10.5)
25 °C, 3.9 cm 201.6 1.262 0.017 1.029 1472.0 (±18.0)
25 °C, 4.1 cm 182.0 1.079 0.024 1.020 1462.0 (±43.3)
25 °C, 4.2 cm 171.5 0.965 0.033 1.066 1454.0 (±48.3)
50 °C, 3.7 cm 198.0 1.194 0.021 1.122 1274.5 (±34.2)
50 °C, 3.9 cm 187.0 1.133 0.014 1.136 1332.5 (±31.7)
50 °C, 4.1 cm 175.0 1.016 0.027 1.143 1300.9 (±28.6)
50 °C, 4.2 cm 165.2 0.917 0.026 1.109 1342.2 (±12.5)
70 °C, 3.7 cm 193.6 1.148 0.017 1.191 1200.7 (±14.5)
70 °C, 3.9 cm 181.6 1.066 0.017 1.244 1215.3 (±18.6)
70 °C, 4.1 cm 170.0 0.960 0.012 1.235 1216.2 (±08.0)
70 °C, 4.2 cm 161.2 0.882 0.019 1.233 1214.5 (±07.8)
90 °C, 3.7 cm 182.0 1.055 0.018 1.324 1080.0 (±21.1)
90 °C, 3.9 cm 173.5 0.979 0.018 1.346 1076.7 (±14.6)
90 °C, 4.1 cm 168.0 0.926 0.010 1.311 1099.0 (±14.9)
90 °C, 4.2 cm 159.2 0.851 0.019 1.332 1110.5 (±03.1)
100 °C, 3.7 cm 182.0 1.050 0.011 1.399 1022.2 (±31.3)
100 °C, 3.9 cm 172.5 0.979 0.019 1.420 1015.1 (±02.5)
100 °C, 4.1 cm 166.0 0.916 0.018 1.404 1020.9 (±23.9)
100 °C, 4.2 cm 156.3 0.836 0.027 1.422 1008.3 (±04.6)
110 °C, 3.7 cm 174.0 0.970 0.017 1.462 9781.1 (±26.6)
110 °C, 3.9 cm 171.5 0..917 0.031 1.440 1013.9 (±16.1)
110 °C, 4.1 cm 162.0 0.859 0.028 1.431 1012.2 (±28.7)
110 °C, 4.2 cm 156.2 0.840 0.005 1.435 1007.3 (±06.8)
Table 5.8 Tensile strength data for 15W-40 Diesel; API CF at various temperature and rate of dynamic stressing.
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6.1 Introduction
The work reported in previous Chapters of this Thesis demonstrates the ability of water to 
sustain considerable negative pressure under conditions of dynamic stressing by pulses of 
tension. Water (and many other liquids) are also able to sustain considerable levels of 
tension under quasi-static stressing for considerable periods of time (often minutes, or 
hours, if suitably prepared). Whereas studies involving the subjection of liquids to 
dynamic stressing by pulses of tension are widely reported and have direct relevance to 
engineering applications (e.g. in ultrasound scanning), the behaviour of liquids under 
quasi-static tension over sustained periods is less well studied. However, the ability to 
induce, manipulate and sustain tension in a liquid over a sustained period is a potentially 
valuable tool in extending studies of fundamental aspects of the liquid state (Trevena, 
1987). The work described in this Chapter has this as its focus and involves the 
development and refinement of a technique in which water was subjected to 
progressively greater tensions over a very wide range of temperatures which extended 
into the supercooled regime.
It is useful to recall that a liquid under tension is called a stretched liquid or superheated 
liquid (i.e. it is metastable with respect to liquid plus vapour). Figure 6.1 shows the phase 
diagram for water. This behaviour encompasses the possibility of superheating liquids 
well above their boiling point (for example, in figure 6.1 ‘0-Y’ line shows water can be 
heated to 280 °C without explosion at atmospheric pressure (Apfel, 1972)), and the 
multitude of effects associated with “cavitation”, as shown in figure 6.1 (‘0-Z’ line). A 
related phenomenon involves the metastability associated with the freezing transition (for 
example, in figure 6.1 ‘0-V’ line shows water at atmospheric pressure can exist as a 
liquid state down to -40 °C (Taborek, 1985)), a fact which is of great importance in 
meteorology): this supercooled liquid is also in metastable condition (Temperley and 
Trevena, 1993). In practical terms (i.e. in experiments) a condition is eventually reached 
in which boiling, or cavitation or freezing can no longer be prevented, and a new phase 
appears suddenly as the system is driven towards a condition of greater stability 
(Debenedetti, 1996).
122
Chapter 6
Liquid water under tension can be cooled below its melting point without immediately 
experiencing cavitation. The generation of negative pressures (to -60 bar) in supercooled 
water (at -18 °C) was reported by Henderson and Speedy (1980). No ice was detected, 
nor was cavitation evident; and they concluded that lower temperatures were not reached 
due only to the limitation of their cooling apparatus. The results of this rare excursion 
into the doubly metastable regime differ from those of Hayward (1971), in whose work 
water was held at -0.2 bar and -5 °C: on further cooling the water froze and the 
intervening water boiled at the same instant, but in deaerated water ice appeared without 
disrupting the negative pressure. This latter observation is significant. It suggests that ice 
crystals may both form and grow under sustained negative pressure -  a very different 
environment from that in which nucleation is accompanied by the relief of tension, and 
ice subsequently develops under ‘normal’ supercooled conditions (i.e. at atmospheric 
pressure) to form natural hexagonal ice (I/*). Ice phases with different crystalline 
structures exist at lower temperatures and positive pressures (> 2 kbar) but the phase 
diagram is sparsely populated with data at negative pressures. In the ‘full’ locus of the Ice 
I—liquid phase transition line for water, the negative pressure portion is largely a matter of 
conjecture, but estimates of the locus of stability for water extend to -2  kbar (Speedy, 
1982).
The condition of simultaneously supercooled and superheated (or doubly metastable or d- 
m) water in a Berthelot tube type experiment is illustrated in the double shaded region of 
phase diagram for water in figure 6.1 where water remains as a liquid phase in the doubly 
metastable region. AB is the saturation line (boiling point line), that is, that normally 
separates the liquid and vapour phases of water; if any water remains liquid in the region 
below AB it is in the metastable condition of superheated. CD is the melting line, which 
is the line that normally separates the liquid and solid phases of water. If any water 
remains liquid in the region to the left of CD it is in the metastable condition of being 
supercooled, the point E where AB and CD intersect is the triple point. Therefore, the 
small double shaded area AEC is the doubly metastable region where water, if it remains 
liquid, must be in a state of superheating and supercooling simultaneously. This region 
has remained largely unexplored and the work described in this chapter seeks to
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investigate the doubly metastable regime using an improved form of the Berthelot-type 
experiment.
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6.2 Previous Related Work
It should be noted at the outset that relatively little work has been reported in this area. 
One of the few experimental studies was reported by Hayward (1971) who was the first 
to report water in the doubly metastable region by using a tension manometer which is 
shown in figure 6.2. Hayward (1971) reported that water at a tension of 0.2 bar can be 
cooled to at least -5 °C before freezing. Hayward noted that, at a point below -5 °C, the 
water suddenly froze and generally also cavitated at the same instant, thus relieving the 
negative pressure within the sample. The water thus makes a sudden leap to the triple 
point, the unique combination of temperature and pressure where solid, liquid and vapour 
can coexist in equilibrium. Hayward also reported the unusual finding that, on rare 
occasions, a network of ice crystals filled the test section without disrupting the tension 
within the sample. This only happened if the water sample was thoroughly de-aerated 
before the experiment.
Transparent
refrigerated
enclosure
o
C
2
CDD>'i_
4—
CDtr
c
COl_
CDO)•C
4—
CD
01
Water under 
tension
Tension
manometer
Figure 6.2 Head o f  tension manometer modified, by bending, to allow supercooled o f  water under tension 
(after Hayward (1971)).
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Figure 6.3 The Berthelot-Bourdon tube and its (P, T) curve for water under tension (from Henderson and 
Speedy, 1980)
Follow ing  H ayw ard ’s initial studies, H enderson and Speedy (1980) used a spirally w ound 
glass capillary (explo iting  the B ourdon tube principle) w ithin w hich liquid was stretched 
(the B erthelo t tube princip le) to exam ine the doubly  m etastable state o f  water. They 
m anaged to cool the ‘s tre tch ed ’ w ater to  -18 °C and reported  that the w ater neither froze 
nor cavitated. T heir apparatus is show n in F igure 6.3. T he total volum e o f  test liquid in 
the tube w as only 2 to 4 m m  ’; the  advantage o f  such a sm all liquid  specim en being that it 
w ould not contain m any ‘nucleation  p o in ts ’ in the bulk liquid. T he m axim um  tension 
achieved in H enderson and S peedy’s apparatus was 156 bar at the tem perature o f 
m axim um  density  (corresponding  to a tem perature o f  6.7 °C at these conditions). Further 
cooling resulted  in a decrease in tension due to the anom aly  that w ater expands w hen 
cooled below  the tem perature corresponding  to the point o f  m axim um  density. A t -18 °C 
(the lim it o f  th e ir cooling  equipm ent) the tension had decreased to a value o f  60 bar.
Fascinating  questions are raised by these issues. Can superheated  ice be form ed from  d-m  
w ater? I f  such ice form s, w hat form o f  ice is it? A nd can a w ay be found to m anipulate 
negative pressure in structural studies o f  the form ation process? T hese are challenging
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issues whose resolution promises significant scientific and technological gains. As an 
example we may consider recent technological responses to environmental change. 
Attempts to moderate rising electrical power loads due to air-conditioning involve 
developing ‘cold-energy’ storage and transport devices. The working fluid for such 
devices is ‘ice slurry’, a mixture of fine ice crystals and liquid water whose use is limited 
by undesired freezing of supercooled water during transport. What is required is a means 
of controlling the nucleation of solid from supercooled water on demand. But recent 
theories which describe the role of cavitation in such a process have serious 
shortcomings. They invoke the collapse of a spherical bubble, in which situation it has 
been estimated that water near the bubble wall may experience sufficient pressure (104 
bar) to nucleate ‘high pressure’ ice (Inada, 2001). As such pressure persists for only a 
nanosecond; it has been assumed that normal ice subsequently grows on a ‘high pressure’ 
ice nucleus. But it is difficult to generate a spherical cavitation bubble, let alone maintain 
the requisite sphericity during collapse. The existence of such a ‘high pressure’ ice 
nucleus has not been verified. Clearly an alternative theoretical explanation is required. 
Such an explanation was advanced by Rogers (2004) who proposed a theory which 
involved the growth of a cavitation bubble in the supercooled liquid and the 
corresponding production of hydrodynamic pressures in a thin ‘shell’ of liquid close to 
the bubble wall. Due to the initial outward acceleration of the bubble wall, this liquid 
experiences a wave of pressure which acts to prevent ice nucleation by reducing the 
degree of effective supercooling. Subsequently, as the bubble wall decelerates, the shell 
of water is subjected to a wave of negative pressure which increases the degree of 
effective supercooling and promotes a high probability of nucleation. As a result the 
bubble is encapsulated by a ‘shell’ of ice, whose establishment within a wave of negative 
pressure in turn provides a fresh nucleating surface for subsequent bubble growth. This 
nascent bubble in its turn freezes a shell of ice around itself and, in principle; this process 
may be maintained throughout the available volume of liquid.
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(i) (ii) (iii)
Figure 6.4 Images from a high speed video sequence showing nucleation and propagation of ice from d-m 
water in a 10 cm long NMR sample tube adapted to function as a ‘Berthelot tube’ (Rogers, 2004). (i) A 
cavitation bubble grows from the tube wall (right) following tensile failure of the liquid at ca. -40 bar. As a 
result of the induced hydrodynamic pressure changes around the bubble it becomes encapsulated by a 
‘shell’ of ice. (ii) The ice shell, formed in a wave of negative pressure, provides a new nucleating surface 
for subsequent bubble growth and the ice ‘front’ propagates through the supercooled water (-18 °C) by 
further bubble growth-freezing cycles, (iii) The process continues, at speeds commensurate with cavitation 
bubble growth but far more quickly than allowed by the free crystal growth rate. The tube is filled with an 
ice-air mixture in < 1 second.
A key finding in support of this theory was the observation made by Rogers (2004) that 
in experiments involving the nucleation and propagation of ice from d-m water, 
measurements showed that the ice ‘front’ propagates through the supercooled water 
(presumably by further bubble growth-freezing cycles) at speeds commensurate with 
cavitation bubble growth but far more quickly than allowed by the free crystal growth 
rate (see Figure 6.4). For instance Hillig (1958) produced experimental data relating the 
velocities of an ice front in a glass tube to the degree of supercool (see figure 6.5). It can 
be seen that, under the conditions encountered in the experiments of Rogers (2004), the 
ice front would be expected to progress at a velocity in the order of 0.1 to 1 cms'1 in a 
direction parallel to the longitudinal axis of the tube. Surprisingly, the analysis of the 
images captured during ice formation gave the velocity of the ice front to initially be at 
least an order of magnitude higher than this, indicating that some other driving force may 
be involved in the formation of ice under these conditions.
Thus a key objective of the present work was to re-examine the experimental conditions 
used in the work reported by Rogers (2004) in order to verify that such high speeds of ice 
formation and ice front propagation account ice production from d-m water. That work
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involved the development and testing of new Berthelot tubes and employed high speed 
video image capture and analysis work which is now described below.
i to
AT  in °C
Figure 6.5 Hillig’s experimental results for the ice front velocity, v, as a function of the degree of 
supercooling for ice formation in a glass tube (line 1 is for imperfect crystal formation and line 2 is for 
perfect crystal formation) (from the chemical physics of ice, 1970)
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6.3 The Modified Berthelot tube
The present Berthelot tube experiment in this chapter is concerned with the behaviour of 
a liquid which was subjected to tension under ‘quasi-static’ due to the difference in 
expansion-contraction of glass and liquid. This is an isochoric cooling method for 
obtaining tensions on liquids was used to determine the heterogeneous nucleation limit 
for stretching of water at variety of water density as shown in figure 6.6. The principle 
mechanism for inducing tension and subsequent lead to cavitation in a Berthelot tube is 
explained in section 1.5.1.1. The main interest of present chapter is to examine water 
under doubly metastable conditions.
These modified Berthelot tubes were fabricated from borosilicate (Pyrex) glass with a 
polytetrafluoroethylene (PTFE) sealing vacuum valve (See figure 6.7 and figure 6.8) 
allowing it to withstand a very high pressure while permitting direct observation of any 
cavitation/nucleation event and facilitating the recording of it using a high speed camera. 
The modified Berthelot tube incorporates a sidearm which allows the tube to be 
connected to a vacuum pump in order to degass the test sample (See figure 6.7). The 
whole Berthelot tube assembly was immersed in the temperature control water bath 
(thermometric 5510, thermostatically controlled) and was subsequently cooled -  typically 
at a rate of 1 °C per minute until ice or cavitation (or both) occurred in the tube. 
Cavitation was usually accompanied a clearly audible metallic ‘click’ (as has been noted 
by previous workers (Trevena, 1987)). Preliminary tests established that if the Berthelot 
tube was sufficiently clean, samples of deionised water could be set into tension and 
supercooled, down to -20 °C without cavitating or freezing. In these preliminary 
experiments the whole Berthelot tube assembly was immersed in the temperature control 
water bath (Thermometric 5510 Thermostat). This was used to cool the tube at 1 °C per 
minute until ice or cavitation (or both) were recorded. The Berthelot tube was then 
removed from the water bath as soon as possible.
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OUW
F i g u r e  6 . 7  Photograph o f  various lengths o f  the blue capped modified Berthelot tubes
F i g u r e  6 . 8  Photograph o f  yellow capped modified Berthelot tubes
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6.4 Determination of the Sealing Temperature, To, in Order to Bring D2O (Heavy 
Water) Liquid Samples into the Doubly Metastable Region in the Modified 
Berthelot Tube
Before describing this work it is instructive to review the previous Berthelot tube work 
reported by Jones et al (1981) who showed the relationship between the sealing 
temperature and the maximum tension achievable in water in a Berthelot tube experiment 
over a wide range of temperature. Figure 6.9 shows the sealing temperature, To which 
produces tension at temperatures of 14.5, 16.6, 23.5, 30.4 and 34.4 °C. In the case (low 
sealing temperature, T0 <  17 °C) of A and B, it was possible to monitor tensions changes 
in the liquid down below the melting temperature without the onset of any cavitation. 
Both curves show a minimum at around 4-5 °C (corresponding to the maximum density 
of the water, see figure 6.6). At these minima the corresponding values of the maximum 
tension are 13.5 atm (curve A) and 20.5 atm (curve B). Curve B clearly has a higher 
chance to penetrate the doubly metastable region than curve A on further cooling as the 
tension generated in curve A might be diminished at supercooling region due to the 
expansion of the anomalous hydrogen bonds in the water. In case C (To = 23.5 °C) it was 
not possible to go below 6 °C without the occurrence of cavitation, the corresponding 
tension achieved being 46 atm which was the highest tension obtained in the experiment.
Clearly, the sealing temperature, To is the crucial factor in using the Berthelot tube 
experiment to produce doubly metastable water (refer to figure 6.1, line OW). With a 
high sealing temperature, more tension will be generated when the tube is being cooled, 
but there is a higher probability that the water cavitates before it reaches its supercooled 
region. However, with a low sealing temperature, the supercooled region can be entered 
without the onset of cavitation, but the tension generated in the liquid might be 
diminished.
In present experiments, heavy water (Deuterium Oxide, D2O) was used as a test sample. 
This Thesis contains the first report of the behaviour of heavy water in the Berthelot tube 
experiment. Deuterium is an isotope of hydrogen; D2O having somewhat different 
physical properties from ordinary water (see table 6.1). A systematic series of
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experiments was necessary in order to establish the value of the highest achievable 
sealing temperature, To for heavy water which enabled the liquid to enter the supercooled 
region without cavitation (recalling that the higher the sealing temperature, T0, the higher 
the value of negative pressure which can be generated in the liquid as shown in figure 
6.9).
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Property D20  (Heavy water) H20  (Ordinary water)
Freezing point (°C) 3.82 0
Boiling point (°C) 101.4 100
Density (20 °C, g/mL) 1.1056 0.9982
Temp, of maximum 
density (°C)
11.6 4
Viscosity (at 20 °C, 
mPa-s)
1.25 1.005
Surface Tension 
(at 25 °C , pJ)
7.193 7.197
pH (at 25 °C) 7.41 7
Table 6.1 Differences in physical properties between heavy water and ordinary water
A problematic aspect of the Berthelot tube technique is that each individual tube has its 
own characteristics, and the range of tensions achievable can vary from tube to tube due 
to differences in the smoothness of the inner wall surface (Lewis, 1961). Five replicate 
Berthelot tubes were tested in the present experiments.
A range of sealing temperatures, To was employed (from 20 °C to 40 °C), the sample and 
tube being heated to 10 °C above the sealing temperature in each case after sealing for 
twenty minutes to make sure that all the liquid filled up the Berthelot tube completely due 
to the expansion of the test liquid. The Berthelot tube was subsequently cooled at a rate 
of 1.0 °C per minute using the water bath (containing water + glycerol) while the tube 
was carefully observed for the first appearance of a bubble. This appearance was usually 
accompanied by a sharp metallic click. If there was no cavitation during the cooling 
process, then the cooling was continued into the liquid’s supercooled temperature region 
(see figure 6.1 in which AEC is the doubly metastable region).
Table 6.2 shows the results obtained from the experiments involving a range of sealing 
temperatures. The results indicated that the ‘yeU°w capped’ set of tubes were more
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promising in terms of their ability to bring the liquid into its supercooled regime without 
cavitation. However, the yellow capped tubes were associated with a markedly softer 
‘click’ on cavitation than were the blue capped tubes in which a loud, sharp metallic click 
was heard on cavitation of the liquid. The experimental results indicate that those tubes 
with sealing temperature, T0 of 30 °C generated the most severe cavitation events in the 
heavy water samples. None of the tubes was found able to cool down heavy water to 
supercooling temperatures without the occurrence of cavitation if the sealing temperature 
was greater than 40 °C.
Sealing 
Temp (°C)
Number of 
experiments
Average 
breaking temp 
(°C)
Average temp 
difference observed 
(°C)
Percentage to produce 
superheated ice (%)
20 10 -10.6 30.6 100
25 20 -11.5 36.5 97
30 10 -9.5 39.5 83
35 10 20.0 15.0 19
40 10 28.1 11.9 0
First yellow capped Berthelot tube
Sealing 
Temp (°C)
Number of 
experiments
Average breaking 
temp (°C)
Average temp 
difference observed 
(°C)
Percentage to produce 
superheated ice (%)
20 10 -10.6 30.6 100
25 20 -12.2 37.2 100
30 10 -10.4 40.4 83
35 10 -10.0 45.0 50
40 10 23.4 16.6 0
Second yellow capped Berthelot tube
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Sealing Temp 
(°C)
Number of 
experiments
Average 
breaking temp 
(°C)
Average temp 
difference observed 
(°C)
Percentage to produce 
superheated ice (%)
20 10 -8.3 28.3 100
25 20 -10.2 35.2 90
30 10 -10.0 40.0 40
35 10 26.0 9.0 0
40 10 31.9 8.1 0
Third blue capped Berthelot tube
Sealing Temp 
(°C)
Number of 
experiments
Average 
breaking temp 
(°C)
Average temp 
difference observed 
(°C)
Percentage to produce 
superheated ice (%)
20 10 -12.1 32.1 100
25 20 -7.9 32.9 100
30 10 -8.1 38.1 50
35 10 26.8 8.2 0
40 10 30.2 9.8 0
Fourth blue capped Berthelot tube
Sealing Temp 
(°C)
Number of 
experiments
Average 
breaking temp 
(°C)
Average temp 
difference observed
(°C)
Percentage to produce 
superheated ice (%)
20 10 -9.5 29.5 100
25 20 -11.0 36.0 95
30 10 -11.2 41.2 55
35 10 23.8 11.2 0
40 10 31.0 9.0 0
Fifth blue capped Berthelot tube
Table 6.2 Results obtained from experiments involving a range of sealing temperatures.
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6.5 The Records Obtained From High-Speed Imaging System
High-speed images and high speed video photographic records of cavitation in a 
Berthelot tube were first reported by Rogers (2004). Although high-speed pictures of 
cavitation bubbles in various other cavitation apparatus have been published previously, 
the images obtained from the Berthelot tube are of special interest for two reasons. 
Firstly, many of the images previously reported are taken of bubbles that have been 
produced artificially e.g. by introduction from the syringe or by electrolysis) and as such 
do not capture the initial growth of the bubble as the liquid cavitates. Secondly, many of 
the images previously reported are obtained from system where cavitation has been 
produced by an external dynamic stimulus. Conversely the cavitation events within the 
Berthelot tube are the result of quasi-static stressing of a liquid and as such the growth 
and collapse of the bubble is due entirely to the liquid cavitated rather than any 
extraneous external factors. It follows that when ice forms in such an experiment in the d- 
m regime the ice may actually itself be in a ‘superheated’ state.
Direct observation remains the most satisfactory method of studying cavitation. In order 
to observe the cavitation events occurring within the Berthelot tube, a high speed camera 
(FastCam Ultima APX Imager) was used. Clearly, the ability to directly observe 
cavitation events is highly desirable but in view of the typical timescales of cavitational 
activity (milliseconds, or less) this necessitates high-speed photographic techniques. 
Surprisingly, only few previous studies of liquids in a Berthelot tube have reported the 
use of high-speed photography although the results of visual observation (by the unaided 
eye) are well documented (Rogers, 2004). The role of the liquid-solid boundary is a very 
important factor in the onset of cavitation in the case of Berthelot tube measurements. 
Rogers (2004) confirmed that the PTFE valve surface in contact with the deionised water 
test sample is the ‘weakest link’ in the system, as the cavitation bubbles nearly always 
occurred on, or in close proximity to, the PTFE valve surface.
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6.5.1 Initial Test Results
Figure 6.10 to 6.12 show various experiments of consecutively captured frames (frame 
rate 24,000 fps) illustrating the initial formation, growth and collapse of a single 
cavitation bubble in degassed heavy water (Deuterium oxide 99.9 atom %D) in the 
present Berthelot tube (length 60 mm; inner and outer diameter 7 mm and 10 mm 
respectively). The tube was permanently sealed at one end (see figure 6.7). Cavitation 
bubble initially appeared near the centre surface of the PTFE valve. This is the loss of 
adhesion between the liquid and the wall of PTFE valve which is the precursor to the 
cavitation event.
It can be seen from figure 6.10 that the initial formation of the cavity first appears in 
frame 2. In this sequence the value of the elapsed time is set such that t = 0 is at the 
instant of frame 2. The cavitation bubble continues to grow during frames 2, 3, 4, 5 until 
it reaches a maximum diameter of approximately 3.45 mm in frame 6, corresponding to a 
total elapsed time of 168 ps. The bubble then begins to collapse (frames 7, 8, 9) until it 
reaches minimum radius (frame 10). The dynamics of the initial bubble was then 
investigated and the calculated average diameter of oscillating cavitation bubble as a 
function of elapsed time is shown in figure 6.14. It was observed, after examination of the 
high-speed images, that the initial collapse of a cavitation bubble that formed on, or in 
close proximity to, the PTFE valve often resulted in a liquid ‘jet’ that effectively split the 
bubble in two (see figure 6.10 from frame 6 to frame 10). The jet formed by the bubble 
collapse always started in the main body of the liquid and propagated towards the PTFE 
surface. As the bubble begins to collapse (frame 7 and 8) the pressure wave causes the 
surrounding liquid to deform the bubble. The average velocity of the jet was 11.2 ms'1 
travelling toward at the centre wall of PTFE. The formation of liquid jets produced by 
cavitation bubbles has been extensively studied but never previously based on the 
Berthelot tube technique. Liquid jets are one of the principle mechanisms of surface 
erosion or cavitation damage (Trevena, 1987). The other model proposed to explain how 
surface erosion occurs is that of the ‘shock wave’ model (Lush et al, 1983) which 
attributes the damages to the very high pressures associated with the collapse and 
rebound of the cavitation bubbles. The extent to which each of these two mechanisms or
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the effect of combination of both mechanisms are responsible for cavitation damage is 
the subject of much ongoing debate, as the mechanism of surface erosion during 
cavitation is not yet fully understood.
It can be seen from figure 6.12 that the initial formation of the cavity first appears in 
frame 2. The cavitation bubble continues to grow until it reaches a maximum in frame 6, 
corresponding to an elapsed time of 174 ps. It can be seen that the single (approximately 
spherical) cavity reached its maximum size, d = 5.1 mm prior to collapse and form a 
liquid jet through frame 7 to 8. The average velocity of the jet was 16.2 ms'1 travelling 
toward at the centre wall of PTFE. Frame 11 to 14 show the point at which the bubble 
begins to rebound before growing in size again, albeit to a smaller diameter than the 
initial maximum. This growth and collapse cycles continues at an almost constant 
frequency (although the amplitude is gradually damped over each cycles), until the 
bubble comes to rest. In frame 10, the huge cavitation bubble collapsed and approached a 
minimum size and completely disappeared for a short time (~42 ps) before re-emerged 
again. It is believed that this phenomenon occurs only when the magnitude of the 
pressure-tension wave is relatively high in the water system which able to temporary 
force all the gas and vapour in the cavity condense in the liquid.
In figure 6.13 shows consecutive frames (frame rate 24,000 fps) are illustrating the initial 
formation, growth and collapse of a single cavitation bubble in deionised water. 
Interestingly, the cavitation event is seen to start with an apparently single, approximately 
spherical cavity, growing not at (or from) the tube walls, but from within the main body 
of the liquid. Frame 9 and frame 10 show the formation of a liquid jet (v = 10.5 ms'1) 
shortly after the cavitation bubble collapses.
The results of these initial experiments are noteworthy as they indicate that the Berthelot 
tube technique may have wider utility in cavitation research than has previously been 
thought. The ability to generate and study the behaviour of a single approximately 
spherical bubble formed in the body of a liquid under tension is potentially valuable in 
enabling studies of cavitation bubble dynamics -  a very substantial area of cavitation 
research. Previous use of the Berthelot tube has been largely confined to measurements of
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the cavitation threshold of liquids. The work reported here shows that its use may be 
usefully extended to the study of potential cavitation damage mechanisms. In this respect 
it is interesting to note that the average velocities of the jets produced shortly after the 
cavitation bubble collapses in the present work on heavy water is typically 17 ms’1 (or 
less), this being significantly lower than the values of ca 170 ms'1 (or more) considered 
necessary to damage a solid boundary (Plesset and Chapman, 1971).
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Frame 1 Frame 2 t = 0 ps
Frame 4 t = 84 usFrame 3 t = 42 us
Frame 5 Frame 6
Frame 7 Frame 8
Frame 10 t = 336 usFrame 9 t = 294 us
Frame 13 t = 462 ps Frame 14 t = 504 ps
Frame 15 t = 546 ps Frame 16 t = 588 ps
Scales : 1 mm per division
Figure 6.10 High-speed images (captured at 24,000 tps) o f the initial formation, growth and collapse of
a single cavitation bubble in degassed heavy water (D20) in an improved Berthelot tube (inner diameter
7 mm)
I 1 1  I  M  I I
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Frame 1 Frame 2 t = 0 ps
Frame 3 t = 42 us Frame 4 t = 84 us
Frame 5 t= 1 2 6 p s  Frame 6 t = 168 p.s
Frame 7 Frame 8
Frame 9 t = 294 us Frame 10 t = 336 us
Frame 13 Frame 14
Frame 15 t = 546 ps Frame 16 t = 588 ps
Scales : 1mm per division
Figure 6.11 High-speed images (captured at 24,000 Ips) of the initial formation, growth and collapse o f
a single cavitation bubble in degassed heavy water (D20) in an improved Berthelot tube (inner diameter
7 mm)
1111i t  11
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Frame 1 Frame 2
Frame 3 t = 42 ps Frame 4 t = 84 ps
FrameFrame‘5
Frame 7 t = 216 ps Frame 8 t = 258 ps
Frame 10Frame 9
Frame 11 t = 384 ps Frame 12 t = 426 ps
Frame 13 t = 468ps Frame 14 t = 510ps
Scales : 1 mm per division
Figure 6.12 High-speed images (captured at 24,000 fps) o f the initial formation, growth and collapse
o f a single cavitation bubble in undegassed heavy water (D20) in an improved Berthelot tube (inner
diameter 7 mm).
I I I I M  I I
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Frame 1. Frame 2. 0 (is
Frame 3. 41.7 (is Frame 4. 83.3 (is
Frame 5. 125 (is Frame 6 . 166.7 (is
Frame 8 . 250.0 (isFrame 7. 208.3 (is
Frame 10. 333.4 (isFrame 9. 291.7 (is
Frame 11 375.1 (is Frame 12. 416.7(is
Frame 14. 500.0 (isFrame 13. 458.4 (is
Frame 15. 541.7 (is Frame 16. 666.7 (is
° |  i  |  |  |  |  S ca les : 1 mm per division
Figure 6.13 High-speed images were captured at 24,000 f.p.s shown that the initial formation of single, 
spherical cavity, apparently growing not from the PTFE walls, but in the body of a liquid. After the 
bubble collapse begins a liquid jet forms, the jet being directed towards the end of the tube.
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Figure 6.14 The calculated average diameter o f oscillating bubble as a function of elapsed time.
6.5.2 Experiments Involving d-m Heavy W ater
F ig u re  6.15 show s a sequence o f  h igh  speed im ages (cap tu red  at 24 ,000  fram es per 
seco n d ) from  an ex p e rim en t in w hich  degassed  heavy w a te r w as supercoo led  dow n to 
-9.5 °C p rio r to  ice fo rm ation . T he  g row th  o f  d en d ritic  ice crysta ls  w as recorded  (see 
C how , 2004), the ice fo rm ing  in itia lly  n ea r the P T FE  valve. A netw ork  o f  ice crysta ls 
g rad u a lly  filled  the test section w ithou t, apparen tly , d ism p tin g  the state o f  tension  
w ith in  the sam ple. N o cav ita tion  even t w as recorded . H ow ever, in an o th er case (see 
fig u re  6 .16) it w as found to be p o ssib le  to ach ieve a su percoo led  to -19.5 °C: 
cav ita tio n  w as p roduced  and ice crysta ls w ere nuclea ted  in the  im m ed ia te  v icin ity  o f  
th e  bubble . It is b e lieved  th a t the  w a te r thus m akes a sudden  leap to the trip le  point, 
th e  u n iq u e  com bination  o f  tem p era tu re  and p ressu re  w here  solid , liqu id  and v ap o u r 
can  co ex is t in equ ilib rium ; th is p henom enon  w as first observed  by  H ayw ard  (1 971) 
w ith  u naided  eye. H ow ever, the  w ork  repo rted  in this T h esis  is the first in w hich  
ev id en ce  is p resen ted  th a t the fo rm ation  and g row th  o f  a cav ita tio n  bub b le  resu lts in 
th e  nuclea tion  o f  ice  fo rm ation .
T w elv e  fram es in figu re  6.16 cap tu red  ice fo rm ation  from  the doub ly  m etastab le  
w ater. T he  sealing  tem p era tu re , To w as 20 °C. F ram e 2 in figure 6 .16 show s the first 
s ing le  cav ita tion  b u b b le  even t fo llow ed  afte r an in terval o f  ap p ro x im a te ly  tw o 
m illiseco n d s by  ice fo rm ation  (fram e 5 until fram e 10). In F ram e 8, the w a te r thus
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m ak es a sudden  leap to  the trip le  po int. T he resu lts reported  are fu rth e r ev idence to 
support th e  h y p o th esis  (R ogers, 2 0 0 4 ) th a t the p ressu re  changes induced  by the 
d y n am ics  o f  cav ita tio n  bu b b les are resp o n sib le  fo r the ice n u clea tio n  process.
T he ideas w hich  support this h y p o th esis  m ay be exp lained  as fo llow . T he ‘R ay le ig h - 
P le sse t’ equation  has been  w idely  stud ied  in te rm s o f  cavity  co llap se  and the 
co n seq u en t p ressu re  g eneration  in the su rround ing  liqu id  b u t herein  w e focus on the 
in itia l cav ity  g row th  phase  and the co rresp o n d in g  d ev e lo p m en t o f  h y d rodynam ic  
p ressu res at vario u s d istances abou t the g ro w in g  cavity . T he hy d ro d y n am ic  p ressu re  p  
at a p o in t r  in the liqu id  in the n e ig h b o u rh o o d  o f  the bub b le  is g iven  by the B ernou lli 
equation  (T revena , 1987):
d ( p  \  ,  2\
P = P - ( p u  
at  2
w h e re p x is the  p ressu re  in the u n d is tu rb ed  w ater, p  is the density  and u =  is the
dr
radial v e lo c ity  at th a t po in t, w ith  v e loc ity  po ten tial (p = —  ( — ). T he p ressu re
r  dt
varia tion  A p  at r  due to  cav ity  m o tion  is
Ap  = P  - Pec
p R' d R '
l  d t ) 2 v dt  j
O verton  & T rev en a  (1 981) used  the B ernou lli equation  to acco u n t fo r the  p ressu re- 
tension  cycles reco rded  in th e ir bub b le  oscilla tion  experim en ts and in so do ing  
assoc ia ted  the peak  values o f  ten sio n  w ith  the a tta inm en t o f  m ax im um  cav ity  vo lum e. 
W hen  the  cavity  v o lu m e V reaches a m ax im u m , d V /d t2 is n eg a tiv e  and this resu lts in 
the d ev e lo p m en t o f  ten sio n  due to the fact that, fo r v a lu es  o f  r  w h ich  are large enough
• 9  9
to d iscoun t the second  term  in the above equation , d VI d t oc A p .  S ubsequen t w ork  
(W illiam s et a /, 1999) es tab lish ed  th a t the m ax im um  neg a tiv e  values o f  d 2T7dt2 (and 
hence the m ax im um  value o f  ten s io n ) m ay p reced e  the a tta in m en t o f  m ax im um  cavity
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volume. From this it follows that a pulse of negative pressure is generated about a 
cavity during its growth phase and it follows that this pulse of negative pressure, 
confined within a thin shell of liquid close to the expanding cavity wall, will act to 
suddenly increase the effective supercool of the adjacent liquid. These sudden 
increases in effective supercool then initiate ice formation from the d-m water but at a 
propagation velocity comparable with the velocity of bubble expansion during the 
latter stages of expansion. Such velocities are commensurate with those recorded 
herein for the ice front propagation but are far higher than allowed by the free crystal 
growth rate.
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Frame 3. 6.25 ms Frame 4. 10.00 ms
Frame 5. 15.42 ms Frame 6 . 17.50 ms
Frame 2. 2.92 msFrame 1. 0.00 ms
Figure 6.15 Twelve frames captured during ice formation in degassed heavy water contained in an 
improved Berthelot tube.
Scales : 1 mm per division
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Frame 1. 0.00 ms
Frame3. 1.35 ms
Frame 5. 2.02 ms
Frame 7. 3.00 ms
Frame 9. 7.77 ms
Frame 1 1. 22.72 ms
Frame
Frame 4. 1.64 ms
Frame 6. 2.50 ms
Frame 8. 6.22 ms
0 | I I I l 4  I I S c * s
Frame 12. 77.53 ms
: 1 mm per division
Figure 6.16 Twelve frames captured during ice formation after cavitation event took place 
contained in an improved Berthelot tube. In frame 8-9, three phases which are liquid, solid and 
vapour states coexits together in the deionised, degassed and boiled water at -19.5 °C and unknown 
pressure.
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6.5.3 Results of Experiments Involving Ice Formation in the d-m Regime.
In this set of experiments the sealing temperature, To was set at 20 °C and the tube 
(and liquid) was subsequently heated following sealing to 27 °C for 10 minutes prior 
to cooling into the supercooled regime. The vertical axis of the Berthelot Tube is 
shown horizontally in figures 6.17 to 6.19 record events which accompanied these 
experiments during which the high-speed video system was operating at 500 frames 
per second (f.p.s). These high speed records were used to estimate the ice front’s 
velocity of propagation. The data in figure 6.20 shows estimates of the ice front 
velocity, v, as a function of the degree of supercooling. It indicates that the velocity of 
the ice front depends on the degree of supercooling of the liquid water, the lower the 
freezing temperature, the higher the velocity of the ice’s propagation. This trend is in 
accord with previous work on supercooled water (Hillig, 1958). However the 
velocities recorded in the present work (on d-m water) are substantially higher than 
those previously reported for supercooled water at comparable temperatures -  by an 
order of magnitude, or more (the maximum velocity, 8 cms'1 was recorded in the 
present work at a temperature of -14 °C). The present experiments confirm the 
velocities reported for ice front propagation by Rogers (2004).
In Berthelot tube experiment, suspended impurities at the wall of the tube can trigger 
the appearance of a new phase (Debenedetti, 1996). The vertical axis of the Berthelot 
tube is shown horizontally in figure 6.21 and 6.22 proved that superheated ice also 
can produce from doubly metastable orange squash in the improved Berthelot tube at 
-12 °C. The high-speed video system was operating at 500 frames per second (f.p.s). 
The average velocity of the both cases of ice front was approximately 3.00 cms'1. The 
ice nucleation started from the bottom of the tube (or at the wall of the tube) then 
subsequent filled up the remaining test liquid. It is believed that orange squash 
contained some small amount of precipitates which had sunk at the bottom of the tube 
or stuck at the wall of the tube. The suspended impurities provide a nucleation site for 
the system where the bubble or ice nucleation can easily grows. Whereas in the case 
of clean water, the cavitation bubble or ice nucleation always start at the ‘weakest- 
link’ of the system between the test liquid and PTFE valve.
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t =  0 m s
t = 172 m s
t =  232 m s
t =  908 m s
t = 1420 m s
t = 2140 m s
t =  2550  m s
Figure 6.17 Superheated ice produced from doubly m etastable water in the improved Berthelot tube at
-8.0 °C. The high-speed video system was operating at 500 frames per second (f.p.s). The velocity o f
the ice front was 2.78 cms '.
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1 = 0 m s
t =  182 m s
t =  j 26 m s
t = 326 m s
t =  504 m s
t =  624 m s
t =  1024 m s
t =  1264 m s
Figure 6.18 Superheated ice produced from doubly m etastable water in the improved Berthelot tube at
-10 °C. The high-speed video system was operating at 500 frames per second (f.p.s). The velocity o f
the ice front was 5.62 cms '.
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t =  0 m s
t =  52 m s
t = 276 m s
t = 1010 m s
3 1
)
Mtw
t =  164 m s
l _ .........  n
)
t = 564 m s
)________
t =  756 m s
t = 900  m s wmm ■
Figure 6.19 Superheated ice produced from doubly m etastable water in the improved Berthelot tube at
-12 °C. The high-speed video system was operating at 500 frames per second (f.p.s). The velocity o f
the ice front was 7.03 cms V
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t =  0 m s 
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Figure 6.21 Superheated ices produced from doubly metastable orange squash in the improved 
Berthelot tube at -12 °C. The high-speed video system was operating at 500 frames per second (f.p.s). 
The velocity o f the ice formation is 2.78 cm s \
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t =  0 m s
t =  30  m s
t =  58 m s
t =  72 m s
t =  168 m s
t =  268 m s
t =  698 m s
t =  2160  m s
Figure 6.22 Superheated ices produced from doubly m etastable orange squash in the improved
Berthelot tube at -12 °C. The high-speed video system was operating at 500 frames per second (f.p.s).
The velocity o f  the ice formation is 3.29 cms 1.
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6.6 Conclusion
The results of these initial experiments are noteworthy as they indicate that the 
Berthelot tube technique may have wider utility in cavitation research than has 
previously been thought. The ability to generate and study the behaviour of a single 
approximately spherical bubble formed in the body of a liquid under tension is 
potentially valuable in enabling studies of cavitation bubble dynamics -  a very 
substantial area of cavitation research. Previous use of the Berthelot tube has been 
largely confined to measurements of the cavitation threshold of liquids. The work 
reported here shows that its use may be usefully extended to the study of potential 
cavitation damage mechanisms.
In these (d-m) experiments, samples of degassed, deionised water supercooled down 
to -19.5 °C: cavitation was produced and ice crystals were nucleated in the immediate 
vicinity of the bubble. It is believed that the water thus makes a sudden leap to the 
triple point, the unique combination of temperature and pressure where solid, liquid 
and vapour can coexist in equilibrium; this phenomenon was first observed by 
Hayward (1971) with unaided eye. However, the work reported in this Thesis is the 
first in which evidence is presented that the formation and growth of a cavitation 
bubble results in the nucleation of ice formation.
The results indicate that the velocity of the ice front depends on the degree of 
supercooling of the liquid water, the lower the freezing temperature, the higher the 
velocity of the ice’s propagation. This trend is in accord with previous work on 
supercooled water (Hillig, 1958). However the velocities recorded in the present work 
(on d-m water) are substantially higher than those previously reported for supercooled 
water at comparable temperatures -  by an order of magnitude, or more (the maximum 
velocity, 8 cms'1 was recorded in the present work at a temperature of -14 °C). The 
present experiments confirm the velocities reported for ice front propagation by 
Rogers (2004).
In conclusion, Berthelot tube experiment is possible to investigate the stretched water 
(water under tension) under supercooled condition over sufficiently long lifetimes. 
Photographic evidence shown that cavitation bubbles can be occurred not only in
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metastable water but also in doubly metastable (simultaneously supercooled and 
superheated) water. The outcomes of the study reported in this chapter also suggest 
that it will be an interesting area to investigate and further explore the molecular 
structure of liquids under tension and also doubly metastable (simultaneously 
superheating and supercooled) conditions of quasi-static way in the improved 
Berthelot tube and provided the explanation of the unique structure of liquid water on 
molecular scale under such unique conditions, these experiments, by using neutron 
diffraction technique or synchrotron X ray technique or spectroscopic instmment such 
as NMR spectroscopic instrument. In addition, there is no structural information 
exists for ice formed from doubly metastable water, or any other doubly metastable 
liquids. It will be another interesting area to investigate the changes that occur on a 
molecular scale by these techniques.
161
Conclusion and Recommendation 
for Future Work
Chapter 7
This Thesis contains an account of work in which both quasi-static and dynamic 
stressing techniques were used to subject samples of liquid to tension (or ‘negative 
pressure’). For dynamic stressing, an improved form of the ‘Bullet-Piston’ apparatus 
described by Couzens and Trevena (1969, 1974) was employed, whereas for quasi­
static stressing, a version of the Berthelot tube (Berthelot, 1850) combined with high 
speed video photography was used.
The work reported in Chapter 4 concerns the results of experiments in which samples 
of degassed, deionised water were subjected to dynamic stressing by pulses of tension 
in the B-P apparatus. The particular pulse reflection technique employed and referred 
to herein allows the rate of development of tension in the liquid (hereafter denoted CiF) 
to be varied in a systematic manner, in order to investigate its influence on the 
resulting measurement of the liquid’s effective tensile strength (or ‘cavitation 
threshold’), Fc. Results are reported for experiments which involve a range of 
stressing rates, 0.43 barps'1 < Cip <1.79 barps'1, for samples of degassed, deionised 
water at a constant temperature (25 °C).
These experiments, which are the first of their kind to be reported, show an 
approximately four-fold increase of Fc at the highest stressing rate in water, this value 
being 224 bar (for t iF =1.79 barps'1) compared to a value of 60 bar at a lower stress 
development rate ( Q, = 0.432 barps'1). These results provide additional insight into 
the reasons underlying the mechanism rather wide ranges of values of Fc which have 
been reported in the literature and provide evidence to substantiate the claim that the 
rate of dynamic stressing is an important consideration in understanding the cavitation 
properties of liquids.
The work reported in Chapter 5 investigates the effects of temperature, shear viscosity 
and the rate of stressing, CiF on measured values of the ‘effective’ tensile strength (or 
‘cavitation threshold’), Fc, of commercial monograde and multigrade oils under 
dynamic stressing by tension pulses (this being a feature of the conditions experienced 
by a motor lubricant within a ‘divergent section’ of dynamically loaded journal 
bearing). Two monograde oils (designated grade API CC), 10W and 40 Diesel, and
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two multigrade oils (designated grade API CF), 10W40 and 15W40 were tested in this 
work.
Results are reported for B-P experiments involving a range of stressing rates, from 0.6 
barps'1 to 1.4 barps'1 for these commercial oils over the temperature range 25 °C < T
< 110 °C which are representative of those encountered under their normal operating 
conditions. These experiments, which are the first of their kind to be reported, indicate 
that at any given temperature, Fc increases with increasing stressing rate (157 bar <FC
< 220 bar at 25 °C and, 130 bar <FC< 157 bar at 110 °C for the 10W oil; 172 bar < Fc
< 223 bar at 25 °C and, 146 bar < Fc< 172 bar at 110 °C for 40 Diesel oil; 175 bar < 
Fc < 200 bar at 25 °C and 152 bar < Fc < 171 bar at 110 °C for 10W-40 Diesel oil; 172 
bar < Fc < 212 bar at 25 °C and, 156 bar < Fc < 174 bar at 110 °C for the 15W-40 
Diesel oil).
These results provide evidence to substantiate the claim (made by previous workers -  
Trevena, 1987) that the rate of dynamic stressing is an important consideration in 
understanding the cavitation properties of liquids. The experiments also indicate that 
in addition to shear viscosity and temperature, the stressing rate, Qr may be an 
important consideration when evaluating a lubricant’s cavitation performance.
Chapter 5 also reports complementary experiments to determine the effect of 
polyacrylamide, PAA additives on the effective tensile strength, Fc of deionised water. 
The results clearly indicate that the effective tensile strength of the polymer solution 
increases with increasing concentration C of the polymer (in the range 0.10 wt% < C
< 0.80 wt%). These results show that the presence of the polymer additives leads to 
an increase in the liquid’s tensile strength: the more polymer present in the deionised 
water the greater the increase in the tensile strength. This result accords with other 
published work in the field.
A significant aspect of this work is that, contrary to previously reported studies, 
results have been produced from a single technique, consisting of experiments 
conducted within the same apparatus in which the rate of stressing is deliberately 
varied in a systematic manner. The results of such a study have not previously been 
reported. The results clearly establish the importance of stressing rate in
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considerations of the effective tensile strength of liquids under conditions where 
heterogeneous nucleation prevails, and in particular in assessing the cavitation 
performance of lubricants. The results obtained suggest that further experiments 
should now be conducted using this technique in order to study the effect of the 
presence of dissolved (permanent) gases in the cavitation of lubricants under dynamic 
stressing by pulses of tension.
The work reported in Chapters 4 and 5 of this Thesis demonstrated the ability of water 
and other liquids to sustain considerable negative pressure under conditions of 
dynamic stressing by pulses of tension. Whereas studies involving the subjection of 
liquids to dynamic stressing by pulses of tension are widely reported, and may have 
direct relevance to engineering applications (e.g. in ultrasound scanning), the 
behaviour of liquids under quasi-static tension over sustained periods has been less 
intensively studied. However, the ability to induce, manipulate and sustain tension in 
a liquid over a sustained period is a potentially valuable tool in extending studies of 
fundamental aspects of the liquid state. The work described in Chapter 6 involved the 
development and refinement of a technique (based on the Berthelot tube) in which 
water was subjected to progressively greater tensions over a very wide range of 
temperatures which extended into the supercooled regime.
Berthelot tube experiments involving high speed video photography at up to 24,000 
frames per second recorded the initial formation and growth of a single, isolated, and 
apparently spherical cavitation bubble within a bulk sample of water. The cavitation 
event was seen to start with a single, approximately spherical cavity, growing not at 
(or from) the tube walls, but in the body of the liquid. The bubble collapse phase 
clearly showed the formation of a liquid jet directed at the solid surface adjacent to 
the bubble. Such a feature of cavitation bubble dynamics has never previously been 
reported in Berthelot tube work.
The results of these initial experiments are noteworthy as they indicate that the 
Berthelot tube technique may have wider utility in cavitation research than has 
previously been thought. The ability to generate and study the behaviour of a single 
approximately spherical bubble formed in the body of a liquid under tension is 
potentially valuable in enabling studies of cavitation bubble dynamics -  a very
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substantial area of cavitation research. Previous use of the Berthelot tube has been 
largely confined to measurements of the cavitation threshold of liquids. The work 
reported here shows that its use may be usefully extended to the study of potential 
cavitation damage mechanisms. The formation of liquid jets produced by cavitation 
bubbles has been the topic of much research, largely due to their implication in 
instances of surface erosion (cavitation damage). The extent to which the liquid jet 
phenomenon is responsible for cavitation damage is the subject of ongoing debate and 
the work reported herein suggests that further studies of jets formed by cavitation 
bubble dynamics in Berthelot tube experiments could be a valuable source of 
information in future work based on this new adaptation of the technique.
Also reported is work in which quasi-static stressing was extended into the 
supercooled regime for water to produce doubly-metastable (d-m) liquid (i.e. water 
which is simultaneously superheated by tension and thermally supercooled). The 
high-speed video system, operating at 500 frames per second, was used to estimate 
the ice front’s velocity of propagation following the initiation of nucleation (both ice 
formation and cavitation). The data provides estimates of the ice front velocity, v, as a 
function of the degree of supercooling and indicates that the velocity of the ice front 
depends on the degree of supercooling of the liquid water, the lower the freezing 
temperature, the higher the velocity of the ice’s propagation. This trend is in accord 
with previous work on supercooled water (Hillig, 1958). However the velocities 
recorded in the present work (on d-m water) are substantially higher than those 
previously reported for supercooled water at comparable temperatures -  by an order 
of magnitude, or more (the maximum velocity, 8 cms'1 was recorded in the present 
work at a temperature of -14 °C). The present experiments confirm the velocities 
reported for ice front propagation by Rogers (2004). The work reported in this Thesis 
is the first in which evidence is presented that the formation and growth of a 
cavitation bubble results in the nucleation of ice formation. Further Berthelot tube 
work allied to high speed photography is now required to confirm the mechanism of 
propagation of the ice front by the cavitation bubble growth mechanism explained in 
Chapter 6. Neutron scattering experiments could be used to investigate the structure 
of the ice formed by such a mechanism.
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